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Abstract
Near-ﬁeld microscopy is a versaƟle technique for non-destrucƟve detecƟon of opƟcal properƟes
on the nanometer scale. Contrary to convenƟonal microscopy techniques, the resoluƟon in near-
ﬁeld microscopy is not restricted by the diﬀracƟon limit, but by the size of the probe only. Typ-
ically, wavelength-independent resoluƟon in the range of few ten nanometers can be achieved.
Many fundamental phenomena in solid states occur at such small length scales and can be probed
by infrared and THz radiaƟon. In the present work, nanoscale charge carrier distribuƟons were
invesƟgated with near-ﬁeld microscopy in classic semiconductors and state-of-the-art graphene
ﬁeld-eﬀect transistors. A CO2 laser, the free-electron laser FELBE at the Helmholtz-Zentrum Dres-
den Rossendorf and a photoconducƟve antennawere applied as radiaƟon sources for illuminaƟon
of the samples.
In the theoreƟcal part of the work, the bandmodel for charge carriers in semiconductors is brieﬂy
explained to derive typical charge carrier densiƟes of such materials. The inﬂuence of the charge
carriers to the light-maƩer interacƟon is introduced via the Drude model and evaluated for both
infrared and THz radiaƟon. In ﬁeld-eﬀect transistors, charge carrier density waves can occurwhen
strong AC ﬁelds are coupled into the device. The phenomena in such transistors are introduced
as a more complex material system. To describe the near-ﬁeld coupling of the samples to the
nanoscopic probe, the dipole model is introduced and extended for periodic charge carrier den-
sity, as elicited by low repeƟƟon-rate excitaƟon lasers. Consequently, sidebands occur as new
frequencies in the signal spectrum, allowing for a more sensiƟve probing of such transient pro-
cesses.
Experimental invesƟgaƟons of these sidebands were performed with a CO2 laser setup on a bulk
germanium sample which was excited with femtosecond laser pulses. New frequencies up to
the 8th sideband could be observed. The results show a characterisƟc near-ﬁeld decay for all
sidebands when the probe-sample distance is increased. A nanoscale material contrast in the
sidebands signatures has been demonstrated via near-ﬁeld scans on a gold / germanium hetero-
structure.
Near-ﬁeld signatures of graphene-ﬁeld eﬀect transistors have been examined uƟlizing FELBE. The
resultsmatch the predicted behavior of charge carriers in such a device and in parƟcular represent
the ﬁrst direct observaƟons of the plasma waves. In collaboraƟon with the group of Prof. Dr.
HartmutG. Roskos (Goethe-Universität Frankfurt), the plasmawave velocity in the grapheneﬁeld-
eﬀect transistor has been derived via ﬁƫng to the model for two datasets on diﬀerent devices
from independent fabricaƟons. The obtained velocity is in good agreementwith literature values.
The results promise the applicaƟon of ﬁeld-eﬀect transistors as THz detectors and emiƩers and
may lead to faster communicaƟon technology.
###################### H!HZ! crew 4ever ######################
###################### WUMS - LocaƟon, LocaƟon, LocaƟon ######################
Wenn ich für jede Seite dieser Arbeit 1 Cent bekommen häƩe, häƩe ich jetzt 195 Cent
Kurzfassung
Nahfeldmikroskopie ist eine vielseite Technik für das zerstörungsfreie Auslesen von opƟschen Ei-
genschaŌen auf der Nanoskala. Im Gegensatz zur konvenƟonellen Mikroskopie ist die Auﬂösung
nicht durch Beugungseﬀekte, sondern durch die Größe der genutzten Sonde begrenzt. Überli-
cherweise werdenwellenlängenunabhängig Auﬂösungen von einigen zehn Nanometern erreicht.
Viele fundamentale Prozesse in der Festkörperphysik treten auf Längenskalen dieser Größenord-
nung auf und können mit Infrarot- und THz-Strahlung untersucht werden. In dieser Arbeit wur-
den nanoskalige Ladungsträgerverteilungenmit Rasternahfeldmikroskopie untersucht, einerseits
in klassischen Halbleitern, anderseits in state-of-the-art Graphen FeldeﬀekƩransistoren. Zur Be-
leuchtung der Proben wurden ein CO2 Laser, der freie-Elektronen Laser FELBE am Helmholtz-
Zentrum Dresden-Rossendorf und eine photoleitende Antenne verwendet.
Im theoreƟschen Teil der Arbeit wird das Bändermodell für Ladungsträger in Halbleitern erklärt,
um daraus typische Ladungsträgerdichten in diesen Materialien abzuleiten. Der Einﬂuss der La-
dungsträger auf die InterakƟon mit Strahlung wird durch das Drude-Modell eingeführt und für
Infrarot- und THz-Strahlung abgeschätzt. In Graphen FeldeﬀekƩransistoren können Ladungsträ-
gerdichtewellen auŌreten, wenn starke Wechselfelder in das Bauelement eingekoppelt werden.
Die Prozesse in solchen Transistoren werden als komplexeres Materialsystem eingeführt. Um die
Nahfeldkopplung der Proben an die Sonde zu beschreiben, wird das Dipol-Modell eingeführt und
für periodische Ladungsträgerdichten erweitert, wie sie bspw. durch Pumplaser mit niedrigen Re-
peƟƟonsraten erzeugt werden können. In der Folge entstehen Seitenbänder als neue Frequenzen
im Signalspektrum, welche eine sensiƟvere Messung solcher transienten Prozesse ermöglichen.
Experimentelle Untersuchungen des erweiterten Dipol-Modells wurdenmit einemCO2 Laser Auf-
bau an einem Germaniumkristall durchgeführt, welcher mit Femtosekunden Laserpulsen ange-
regt wird. Neue Frequenzen im Spektrum konnten bis zu dem achten Seitenband beobachtet wer-
den. Die Resultate zeigen den typischen Abfall des Nahfeldes, wenn der Abstand zwischen Sonde
und Probe vergrößert wird. Ein Materialkontrast auf der Nanoskale im Seitenband-Signal konnte
durch laterale Rasternahfeld-Scans auf einer Gold/Germanium Heterostruktur gezeigt werden.
Die Nahfeldsignaturen der Graphen FeldeﬀekƩransistoren wurden mit FELBE untersucht. Die Re-
sultate sƟmmen mit dem vorausgesagtem Verhalten der Ladungsträger in einem solchen Bauteil
überein und sind die erste direkte Beobachtung solcher Plasmawellen. In KooperaƟon mit der
Gruppe um Prof. Dr. Hartmut G. Roskos (Goethe-Universität Frankfurt) wurde die Geschwindig-
keit der Plasmawelle durch Regression der Daten berechnet. Dabei wurden zwei Datensätzen
an Bauteilen von unabhängigen FabrikaƟonsprozessen genutzt. Die berechnete Geschwindigkeit
ist in guter ÜbereinsƟmmung mit Literaturwerten. Die Resultate verheißen die Anwendung von
FeldeﬀekƩransistoren als THz Sender und Detektoren und könnten zu schnellerer KommunikaƟ-
onstechnologie führen.
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1. Introduction
There’s Plenty of Room at the Bottom.
(Richard P. Feynman)
Obtaining informaƟon about our surroundings by means of opƟcal analysis is one of the most
frequently applied methods in science, but also in our daily lives. The eye-sight is one of the
most developed senses of the human body. It has an enormous dynamic range, angular-resolved
detecƟon of the incoming light and a processing rate which is fast enough to correctly observe
most changes in our environment, like movements of objects.
Although the eyes’ funcƟonality is very impressive, it has a number of limitaƟons. It cannot detect
the polarisaƟon of the light and is sensiƟve to the intensity only. The biggest limitaƟon is certainly
the wavelength regime the eye is sensiƟve to. Covering the range from   400 - 700 nm, only
a Ɵny porƟon of the whole electromagneƟc spectrum can be observed by the human eye. While
physicists and electrical engineers have developed sources and detectors for almost the whole
electromagneƟc spectrum and can deduce huge amounts of informaƟon with their techniques,
one part of the spectrum has just been opened for exploraƟon in the recent years.
The THz range is roughly deﬁned as the part of the spectrum where the frequency of the light
f is in the range of f = 0.1 - 10 THz (or  = 30 - 3000 m). It lies in between the infrared and
microwave area of the electromagneƟc spectrum. This range has not been covered by sources
or detectors unƟl a few decades ago, when laser scienƟsts started to ﬁnd novel sources and de-
tectors to access at least certain laser lines in this regime. Nowadays, with the invenƟon of short
pulsed laser sources, a larger porƟon of the spectrum up to a few THz can be covered by opƟcal
recƟﬁcaƟon in electro-opƟc crystals, and just recently SchoƩky-diode based sources developed
by electrical engineers became available for scienƟsts. Although the ﬁrst quantum cascade lasers
nowoperate in the THz range, the range of 3 - 10 THz is sƟllmostly uncovered by radiaƟon sources,
especially when large powers are needed.
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1. IntroducƟon
Many interesƟng phenomena can be invesƟgatedwith light-maƩer interacƟon experiments in the
infrared and THz regime [1], withmost of the origins for these phenomena lying at the nanometer
scale. Unfortunately, convenƟonal microscopy techniques are limited by diﬀracƟon [2] and de-
liver a spaƟal resoluƟon proporƟonal to the wavelength employed in the microscope. This limits
the achievable resoluƟon to roughly ten m for the infrared regime and one millimeter for low
THz radiaƟon. This resoluƟon is far too low for the invesƟgaƟon of many processes, and a resolu-
Ɵon of a few hundred nanometers is needed to gain deep insight into fundamentals of solid state
physics as shown in this work.
In order to overcome the diﬀracƟon limit, another approach of opƟcal exploraƟonmust be taken.
Instead of probing the far ﬁeld of the radiaƟon, the near ﬁeld may be accessed, that carries ﬁeld
distribuƟons that are not limited by the applied wavelength. This can be performed via a small
aperture, as proposed by Synge [3], or - employing Babinet’s principle - by a small scaƩerer lo-
cated close to the sample surface [4]. In such a setup, the resoluƟon is limited by the size of the
aperture/scaƩerer (few ten nm) and not by the employed wavelength. In experimental setups,
this concept is realized by either an opƟcal ﬁber [5] as an aperture, or by a metallic Ɵp [4] as a
small scaƩerer. When the ﬁber or Ɵp is scanned over the sample, we refer to this as a scanning
near-ﬁeld opƟcal microscope (SNOM). As visible light is applied for illuminaƟon in the two refer-
ences above, the enhancement in resoluƟon compared to a convenƟonal microscope is not very
large. The enhancement becomes much larger when infrared or THz radiaƟon is needed for ex-
ploraƟons. However, the ﬁber based approach is not fruiƞul due to large losses in the ﬁber and
only the Ɵp-based scaƩering-type scanning near-ﬁeld opƟcal microscopy (s-SNOM) is applied for
such long wavelengths. The gain in resoluƟon easily reaches a factor of hundreds in the infrared
[6] and of several thousands [7] in the THz regime.
This work features the applicaƟon of s-SNOM to invesƟgate nanoscale charge carrier density dis-
tribuƟon with both infrared and THz laser systems. In the ﬁrst chapter of the work, the inves-
Ɵgated material systems namely semiconductors and graphene ﬁeld-eﬀect transistors are intro-
duced. While the theory of classic semiconductors is well understood and may be familiar to
many readers, the exciƟng phenomena occuring in a graphene ﬁeld-eﬀect transistor is a topic un-
der invesƟgaƟon at the moment. In both material systems, the charge carriers play the dominant
role and are invesƟgated with infrared and THz radiaƟon. Using the Drude theory it is described
that the charge carriers in Germanium need to purposely be excited by a short pulse laser to
probe them with an infrared laser. However, the theory shows that THz radiaƟon is much more
sensiƟve to lower charge carrier concentraƟons. It can be applied to invesƟgate charge carriers
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without an addiƟonal excitaƟon. The second chapter of the work features the dipole model to
describe an s-SNOM system. This analyƟcal theory is extended to a systemwhere a low-repeƟƟon
rate excitaƟon laser is used to excite high charge carrier densiƟes. The main conclusion is that
new frequencies appear as sidebands in the signal spectrum of the near ﬁel. For the theoreƟcal
invesƟgaƟon of more realisƟc Ɵp systems, a numerical approach is taken to esƟmate the ﬁeld
enhancement of diﬀerent probes.
The experimental part of the work features two secƟons. The ﬁrst secƟon describes the s-SNOM
setups in detail. All three setups uƟlize a home-built atomic forcemicroscope which was specially
designed for the applicaƟon of THz radiaƟon and mulƟple laser sources at once. The ﬁrst setup
is located at the free-electron laser FELBE at the Helmholtz-Zentrum Dresden-Rossendorf. The
narrow-band laser is tunable from 5 - 230 m wavelength and the setup is capable to work with
almost any wavelength in this range. In this work, the laser was tuned to a wavelength of 150
m (2 THz). At this wavelength, the performance of diﬀerent commercial s-SNOM probes was
invesƟgated and compared. The results match the predicƟons made in the theoreƟcal part of
the work. The second setup is used to invesƟgate transient processes in Germanium with a CO2
probe laser a femtosecond laser for excitaƟon. The third setup features a pulsed and broadband
low THz exciaƟon and detecƟon via Ɵme-domain spectroscopy. Here, the whole spectrum of the
near-ﬁeld response can be deduced in the low THz range.
The second part of the experimental work gives a detailed analysis of the results obtained with
these setups. The transient states in Germanium are invesƟgated with a demodulaƟon technique
feeaturing cascaded Lock-In ampliﬁers. The existence of the sidebands is proven and parameter
studies are performed for both physical properƟes of the system and technical seƫngs of the
Lock-In ampliﬁers. A nano-opƟcal material contrast is shown in the sidebands via lateral scans.
Using the free-electron laser at 150 m wavelength, the near-ﬁeld response of graphene ﬁeld-
eﬀect transistors is studied in detailed. Here, charge carrier density waves could be observed
and via comparison to the theoreƟcal model the wave velocity is derived. The results match the
expectaƟons from theoreƟcal calculaƟons.
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2. Fundamentals
I was like: ’Oh my God, that sounds cool!’
(Donna Strickland,
about a lecture on electro-optics and laser physics.)
This chapter features the fundamentals of both the sample systems and the experimental tech-
niques used in this work.
Charge carriers are strongly inﬂuencing the light-maƩer interacƟon of infrared and THZ radiaƟon.
In order to esƟmate charge carrier densiƟes and their impact on the permiƫvity in semiconduc-
tors, calculaƟons of densiƟes via the Fermi-Dirac staƟsƟc and the Drude model are performed
for a Germanium crystal. Besides the intrinsic charge carriers, pulsed lasers can be applied to
deliberately excite charge carriers in the conducƟon band and valence band in semiconductors.
Their transient inﬂuence on the permiƫvity is invesƟgated in this chapter as well. As a second
sample system, Graphene ﬁeld-eﬀect transistors are introduced. It will be presented that a two-
dimensional electron gas under the inﬂuence of an applied bias voltage can actually be described
by hydrodynamic equaƟons, leading to fascinaƟng properƟes in the THz range.
ConvenƟonal opƟcal microscopes detect far-ﬁeld radiaƟon and hence are diﬀracƟon-limited. Their
resoluƟon is limited by the applied wavelength, as shown in this chapter in two diﬀerent ways. To
circumvent this fundamental limit of opƟcs, the near ﬁeld can be probed directly. Several near-
ﬁeld microscopy techniques featuring this capability are illustrated here. A detailed theoreƟcal
descripƟon of s-SNOM, the technique chosen for this work, can be found in chapter 3. As some
readers may be unfamiliar with THz opƟcs, typical emiƩer and detector concepts are presented
as the last part of this chapter.
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2.1. Semiconductors
Semiconductors are deﬁned as materials with an electric conducƟvity G located in between the
conducƟvity of metals (G  104 S/cm = 104 A/Vcm) and insulators (G  10 8 S/cm = 10 8
A/Vcm) covering a huge range of 12 orders of magnitude. These borders are not strictly deﬁned
and the material classes can in general be overlapping in their conducƟvity. The second prop-
erty classifying a material as a semiconductor is a rising conducƟvity when the temperature is
increased. Semiconductors are of enormous interest in the scienƟﬁc community (the search en-
gine Google Scholar lists almost four million results for the keyword semiconductor) due to their
electronic properƟes and how they can be taylored via doping for diﬀerent applicaƟons as well
as their applicaƟon in many micro- and nanoelectronic devices.
Semiconductors can be crystalline or amorphous. In this work, only crystalline semiconductors
are invesƟgated and the theoreƟcal descripƟon is limited to this subgroup in the following. Semi-
conducƟng materials are typically made of elements of the fourth group in the periodic table
(e. g. silicon, germanium) or compound semiconductors with a mix of group III and V or group II
and VI elements. Silicon and Germanium crystallize in a diamond structure, while the compound
semiconductors menƟoned in this work mostly crystallize in the zyncblende structure.
Band Structure
The scope of this work is on the electro-opƟc properƟes of semiconductors. In general, semicon-
ductors have energy bands in their electronic structure which arise from the atomic orbitals of
the element. When a crystal is formed, the orbitals of diﬀerent atoms overlap and the electrons
are delocalized, i.e. they are not bound to a certain atom anymore and form a large quantum-
mechanical system. Due to the Pauli principle, two electrons cannot have the same set of quan-
tum numbers. As a result the electrons gradually ﬁll up states with diﬀerent energy eigenvalues.
This behavior is illustrated in ﬁgure 2.1.1 for the s- and p-orbital. For large interatomic distances
(e. g., in liquids/gases) the orbitals have disƟnct energies. When the distance is descreased, en-
ergy bands form. At the distance of the laƫce constant a, the distance of the bands determines
the so-called bandgap.
The full band structure can be calculated with so-called~k  ~P models, also called~k  ~P pertubaƟon
theory. It is an oŌen used, semi-empirical approach to calculate band structures via Bloch waves
and pertubaƟon theory in quantum mechanics. Details will not be discussed in this work and
can be studied e. g. in [9]. The band structures for a germanium (Ge) and a gallium arsenide
12
2.1. Semiconductors
Figure 2.1.1.: The formaƟon of energy bands from atomic orbitals in a semiconductor
arises when the distance in between the atoms becomes small. In a crystal
with the laƫce constant a, the distance of the valence and conducƟon
band isEg = Ec Ev. Electron states can have energies within the bands
(grey) but not in between them. IllustraƟon taken from [8].
(GaAs) crystal are shown in 2.1.2. Here, the electron energy is ploƩed as a funcƟon of the electron
wavevector~k. In the GaAs crystal, the highest point of the valence band (VB) and the lowest point
of the conducƟon band (CB) are both located at the  -point. When an electron is liŌed from the
valence band to the conducƟon band no change of ~k is needed and hence no momentum needs
to be be transferred. For Ge, the highest point of the valence band is also at the  -point, but the
lowest point of the conducƟon band is at theL-point. Here, amomentum transfer of j~kj = jL  j
is needed to overcome the bandgap. Therefore, GaAs is a so-called direct semiconductor and Ge
is an indirect semiconductor.
In the ground state at T = 0 K, the valence band is completely ﬁlled and the conducƟon band
is completely empty. At higher temperatures, electrons are liŌed from the valence band to the
conducƟon band and leave an unoccupied state, a so-called hole. The occupaƟon density of the
energy states is determined by the Fermi-Dirac staƟsƟc. The propability f that a state with the
energy E is populated is given by
f(E) =
1
e(E EF )/kBT + 1
(2.1.1)
where EF is the Fermi level, kB the Boltzmann constant and T the temperature. In intrinsic
semiconductors, the Fermi level is close to the middle of the bandgap. Figure 2.1.3 shows the
13
2. Fundamentals
Eg 
Eg 
Ge 
CB 
VB 
VB 
CB 
(a) (b) 
Figure 2.1.2.: Bandstructures of Semiconductors. (a) GaAs has a direct bandgap, with
minimum in the CB and maximum in the VB at the  -point. (b) Ge has
a indirect bandgap with the CB-mininum and VB-maximum are diﬀerent
wavevectors. IllustraƟon taken from [10] and [11] and adapted.
populaƟon in a germanium crystal for diﬀerent temperatures. The valence band has energy states
up to 0 eV and the conducƟon band from 0.67 eV upwards. The bandgap in between cannot be
populated. For T = 0 K, f is one up to the Fermi level and jumps to zero for states above the
Fermi level. When the temperature is increased, distribuƟon is geƫng broader and the drop in f
is smoothened. However, the populaƟon above the bandgap is only signiﬁcantly above zero for
high temperatures. At room temperature T = 293 K, the probability that the lowest energy state
of the conducƟon band is populated is only f = 1:72  10 6.
The Fermi-Dirac staƟsƟc determines the probability that a state with a certain energy E is pop-
ulated, but does neither state anything about the number of the states nor about the overall
number of electrons in the conducƟon band. This informaƟon is given by the density of states gC
for a three-dimensional material. For electrons in the conducƟon band in a semiconductor it is
given by
gC(E) =
8
p
2
h3
(me)
3/2
p
E   EC for E  EC : (2.1.2)
Here,EC is the lower energy limit of the conducƟon band, h is the Planck constant andme is the
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Figure 2.1.3.: PopulaƟon of valence and conducƟon band in germanium: For T = 0 K,
the value drops from one to zero at the Fermi level. For higher temper-
atures, the distribuƟon becomes broader. The grey area is the bandgap
which cannot be ﬁlled with electrons, hence only at large temperatures, a
signiﬁcant amount of electrons is found in the conducƟon band.
eﬀecƟve mass1 of the electrons in the conducƟon band. For the valence band, it is given by
gV (E) =
8
p
2
h3
(mh)
3/2
p
EV   E for E  EV ; (2.1.3)
with EV as the highest energy level of the valence band andmh the eﬀecƟve mass of the holes.
In order to calculate the overall number of electrons and holes (or rather their densiƟes n and p,
respecƟvely) in the semiconductor, the density of states must be mulƟplied with the Fermi-Dirac
1In a crystal, the electrons and holes react stronger or weaker to electric ﬁelds than in free space. This eﬀect is
mathemaƟcally compensated for with an eﬀecƟve mass me and mh being lower or higher than the electron
massme.
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staƟsƟc and needs to be integrated over the energy range of interest. Hence we obtain
n =
1Z
EC
gC(E)f(E)dE and p =
EVZ
 1
gV (E)f(E)dE: (2.1.4)
This equaƟon cannot be solved analyƟcally. However, for a non-degenerate2 semiconductor, the
Fermi-Dirac distribuƟon can be approximated via f(E) = e(EF E)/kT . For this case the electron
and hole densiƟes are given with
n = 2

2mekT
h2
3/2
e( EC)/kT and (2.1.5)
p = 2

2mhkT
h2
3/2
e(EV  )/kT (2.1.6)
For undoped germanium at room temperature the eﬀecƟve masses are me = 0:08  me and
mh = 0:28 me [12]. The derived values are
n = 9:38  1011/cm3 and (2.1.7)
p = 6:20  1012/cm3: (2.1.8)
The mismatch of the results violates the charge conservaƟon of the system and is a result of the
approximaƟon used for non-degenerate semiconductors. To calculate the intrinsic charge carrier
density ni some sources simply argue that charge carrier conservaƟon must apply and calculate
ni = n = p =
p
np = 2:47  1012/cm3; (2.1.9)
giving a fair approximaƟon for the intrinsic charge carrier density. The experimental value usu-
ally stated for pure, high quality germanium is n = 2:4  1013/cm3 [12] and thus is one order of
magnitude larger than the derived value. This mismatch is a consequence of the approximaƟons
performed during the calculaƟon. However, the next secƟon will show that both the theoreƟ-
cal and experimental values are too small to signiﬁcantly inﬂuence the s-SNOM response in the
infrared or THz range.
2A degenerate semiconductor is a heavily doped semiconductor in which the Fermi level is close to the conducƟon
band. In this work, only non-degenerate semiconductors are used.
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Drude Model
In this work, s-SNOM is uƟlized to probe several material systems with laser sources operaƟng
at wavelengths from mid-infrared to millimeter waves. To esƟmate the impact of free charge
carriers on the opƟcal properƟes in such a large wavelength range, the Drude model [13] is the
most commonly used theory. It will brieﬂy be introduced below.
Let us assume the carrier density in a crystal is quasi-homogenic with no interacƟon in between
the electrons. When an AC electric ﬁeld E / e i!t is applied to the crystal, all electrons exhibit
the same displacement from their ground state. The equaƟon ofmoƟon for a single electronwith
the charge e in the 1D-case is then
mex =  eE (2.1.10)
with the soluƟon
x =
eE
me!2
: (2.1.11)
Each displaced electron contributes with a dipole moment of p =  ex. If we know the carrier
concentraƟon n (for semiconductors, we calculated it in chapter 2.1 above), we can derive the
polarizaƟon of the crystal:
P =  nex =   ne
2
me!2
E: (2.1.12)
Via Maxwell’s equaƟons, we can then calculate the permiƫvity induced by the free electrons.
The real part is given by
"(!) =
D(!)
"0E(!)
= 1 +
P (!)
"0E(!)
= 1  ne
2
"0me!2
= 1  !p
2
!2
; (2.1.13)
where D(!) is the electric displacement ﬁeld and !p = ne2/"0me is the so-called plasma fre-
quency. Here, the most important parameter is the carrier density n. In many cases, we can
inﬂuence this property via doping or the applicaƟon of an electric potenƟal to the material. A
third opƟon is the inducƟon of free charge carriers via the absorpƟon of light described in secƟon
2.1. If the frequency ! of the incident light is smaller than the plasma frequency !p, the per-
miƫvity " is negaƟve and the material is reﬂecƟng the light. For frequencies above the plasma
frequency, " is larger than zero andmost of the light will be transmiƩed into the material. A more
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Figure 2.1.4.: Plasma frequency in germanium as a funcƟon of the charge carrier den-
sity. The frequencies reachable with the applied laser sources in this work
are included in the plot.
ﬁguraƟve explanaƟon is that the electrons in the material have a maximum oscillaƟon frequency
(the plasma frequency). For frequencies up to this level, the electrons are displaced, but can com-
pletely compensate the external electric ﬁeld at the surface by their movement. As they oscillate,
they emit electromagneƟc radiaƟon, which is the reﬂecƟon. When the frequency of the incident
light is too high, the electrons cannot compensate the external ﬁeld completely and the crystal
becomes transparent.
As shown in chapter 3.1, the strongest signal in s-SNOM is expected for slightly negaƟve values
of ". As " changes its sign at !p, the plasma frequency is a good starƟng point to esƟmate a
suitable laser source for the invesƟgaƟon of a certain electron density. The plasma frequency of
germanium as a funcƟon of the electron density is ploƩed in ﬁgure 2.1.4. It coversmany orders of
magnitude, as germanium can be doped to the level of n  1018/cm3. Assuming realisƟc carrier
densiƟes in undoped, doped, and excited Germanium, we can conclude that an extremely broad
range of laser sources is needed to invesƟgate eﬀects linked to plasma frequencies.
To this point, the Drude model was presented in the simplest case with just one type of charge
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Figure 2.1.5.: Permiƫvity as a funcƟon of carrier concentraƟon for diﬀerent laser
sources uƟlized in this work. A frequency of 2 THz was used with the
free-electron laser for the invesƟgaƟon of graphene ﬁeld-eﬀect transis-
tors. The emission spectrum from a photoconducƟve antenna used in the
TDS setup typically has a main peak at 1 THz and a lowest frequency of
0.1 THz.
carriers contribuƟng to the formula. For semiconductors, the holes in the valence band must be
added as well as the electron scaƩering Ɵmes in the material in order to include damping via
scaƩering with phonons in the model. The real part of the permiƫvity is then given by [14]
Re["(!; n)] = "b   ne
2
"0

e
2
me(1 + !2e2)
+
h
2
mh(1 + !2h2)

: (2.1.14)
Here, "b = 16 is the bulk permiƫvity and e;h are the scaƩering Ɵmes for the electrons and holes.
It can be calculated by
e;h =
me;h  e;h
e
; (2.1.15)
where e = 3900 cm2/Vs and h = 1900 cm2/Vs are the electron and hole mobiliƟes for germa-
nium [12]. The result of equaƟon 2.1.14 is depicted in ﬁgure 2.1.5 for several laser wavelengths
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uƟlized in this work. For low carrier concentraƟon, only the bulk permiƫvity "b contributes to the
overall permiƫvity. For higher carrier concentraƟons, the permiƫvity becomes negaƟve for all
laser wavelengths. When the charge carrier density is increased, the Drude term in the equaƟon
leads to negaƟve permiƫvity values. For a CO2 laser, the carrier concentraƟon must be very high
( 1019/cm3) in order to reach a negaƟve ", hence strong photoexcitaƟon must be applied (see
the next secƟon). For lower frequencies, the needed carrier density needed is much lower and
can be induced by doping as well. Hence, THz radiaƟon enables much more sensiƟve examina-
Ɵons of small carrier densiƟes as reported in [15]. In that work, the mapping of charge carrier
densiƟes is compared using a 2.54 THz alcohol laser and a CO2 laser at the same Si-based transis-
tor. The alcohol laser is clearly superior for sensing small carrier densiƟes and their proﬁles.
Absorption of Light
As menƟoned above, electrons can be moved from the valence band when enough energy (and
momentum for indirect semiconductors) is transferred to the electron. As discussed before, this
occurs due to thermal excitaƟon, but can also be realized via photoexcitaƟon. For the laƩer, a
photon is absorbed in the crystal and excites an electron into the conducƟon band. The energies
required to overcome the bandgap usually lie in the range of visible to near-infrared light (few
hundredmeV to some eV). In this secƟon we regard single-photon absorƟon only, processes with
more than one absorped photon, so-called mulƟ-photon processes are neglected.
For indirect bandgap semiconductors such as Ge, amomentumof j~kj = jL  j needs to be trans-
ferred as well. As photons have a small momentum, the absorpƟon needs to be supported by a
third parƟcle to fulﬁll the law of momentum conservaƟon. For example, phonons have enough
momentum and support the absorpƟon of photons in indirect semiconductors. At room temper-
ature, a high phonon density is present in the crystal, hence the absorpƟon of light in indirect
and direct semiconductors is comparable. AbsorpƟon spectra for diﬀerent semiconductors are
shown in ﬁgure 2.1.6. For photon energies larger than the bandgap, the absorpƟon coeﬃcient 
is in the range of 105 cm 1 and light does not penetrate deeply into the crystal. The steep fall
of the absorpƟon for larger wavelengths is a result of the lack of energy of the photons to excite
electrons into the conducƟon band.
Physicists of all ﬁelds use the absorpƟon of laser light to excite electrons into the conducƟon band
and in order to invesƟgate the charge carrier dynamics in Ɵme-resolved pump-probe experiments.
In this work, absorpƟon is used to excite charge carrier densiƟes high enough to enhance the
response of an s-SNOM system at the CO2 laser wavelength of 10.6 m. As shown in ﬁgure 2.1.5,
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Figure 2.1.6.: AbsorpƟon spectra of diﬀerent semiconductors in the visible and near-
infrared regime at room temperature (taken from [16]). Germanium has
a high absorpƟon coeﬃcient and absorbs light even more than direct-
bandgap semiconductors and a few orders of magnitude more than the
most prominent indirect semiconductor silicon.
carrier densiƟes of up to 1019/cm 3 are needed to to reach a slightly negaƟve permiƫvity and to
strongly enlarge the s-SNOM signal if it is operated with a CO2 laser. To reach such high values, a
pulsed laser system is needed as discussed in the following.
In general, the electron density in a semiconductor aŌer a laser pulse is determined by the energy
density  of the laser pulse, the absorpƟon coeﬃcient , the refracƟve index  and the laser
frequency ! [17]. The electron density is given by
n =
8
h!( + 1)2
: (2.1.16)
In this work, a Ti:Sa ampliﬁed laser system3 was used to excite electrons in an undoped germa-
nium crystal. The laser covers a spectral range of  = (800 10) nm due to its short pulse-length
3Legend, Coherent Inc.
21
2. Fundamentals
of about 100 fs. For simplicity the center wavelength of 800 nm (corresponding to f = 374.75
THz, ! =2354.49 THz) is used for further consideraƟon. At this wavelength, the refracƟve in-
dex of Ge is given by  = 4.71 and the absorpƟon coeﬃcient is  = 5.06104/cm [18]. To excite
a charge carrier density of 1019 /cm3 a energy density of
 =
nh!( + 1)2
8
 0:09 mJcm2 (2.1.17)
is needed. The laser system used in this work can easily supply mJ pulses at a repeƟƟon rate of 1
kHz. It is focused below onemm at the Ɵp posiƟon to reach the needed power density with small
overall laser powers to minimize thermal impact on the system. The pulse energy density itself is
sƟll below the damage threshold of zeta = 50 mJ/cm2 of the Ge crystal [17, 19].
When the electrons are excited into the conducƟon band, they stay therewith an average lifeƟme
CB unƟl they recombine back into the valence band. Here, several processes of recombinaƟon
play a role. The dominant process and hence the carreir lifeƟme is determined by the charge
carrier concentraƟon. The processes are discussed in the following.
In band-band recombinaƟon, an excited electron directly recombineswith a hole and emits a pho-
ton with the energy of the bandgap. It is the dominant process for semiconductors with few im-
puriƟes and low doping concentraƟon for low carrier concentraƟons. LifeƟmes can reach several
hundred s for undoped, indirect semiconductors [20]. The second process is the recombinaƟon
via impuriƟes (also called Shockley-Read-Hall or SRH recombinaƟon). Here, the electron falls into
an energy state which lies in the bandgap due to an impurity atom or an unsaƟsﬁed atomic bond
as a result of imperfect crystal growth. The energy is transferred to a phonon. From that state, it
recombines with a hole and moves into the valence band. When the crystal has many impuriƟes,
this process has a much higher probability than band-band recombinaƟon and dominates the
lifeƟme of the charge carriers. The third process is Auger recombinaƟon. Here, two electrons in
the conducƟon band scaƩer where one gives its energy to the other one and recombines into the
valence band. No photon is emiƩed during the process. It only occurs at very high charge carrier
densiƟes when electron-electron scaƩering becomes more likely. It is the dominant process for
charge carrier densiƟes n  1018 cm 3 and lowers the lifeƟmes to 100 ns [20]. When such a high
charge carrier densiƟy is reached, it is considered an electron-hole plasma.
An overview of carrier lifeƟmes in germanium is shown in ﬁgure 2.1.7. The lifeƟme depends on
many parameters as the crystal growth, the type of doping and if the carriers density is deter-
mined by the doping concentraƟon (k = 0:01) or induced via photoexcitaƟon (k = 100). k is a
dimensionless parameter used in the simulaƟon. In this work, undoped germaniumwas pumped
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0.1 THz 1 THz 2 THz CO2 
Figure 2.1.7.: LifeƟme of charge carriers in germanium as a funcƟon of the carrier den-
sity. The solid lines correspond to simulated values, the symbols to the ex-
perimental results. With increasing concentraƟon the lifeƟme decreased
down by several orders of magnitude. The colored lines marks the po-
siƟons where the permiƫvity changes sign for diﬀerent laser sources as
predicted by the Drude model. IllustraƟon taken from [20] and adapted.
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Figure 2.1.8.: Temporal behavior carrier densiƟes and the corresponding permiƫvity in
germanium aŌer photoexcitaƟon for probing with a CO2 laser (a) and a 2
THz source (b). The Ɵme window of enlarged s-SNOM is depicted by the
red lines. CalculaƟons were performed with the same material parame-
ters as in secƟon 2.1 for both cases due to lack of experimental reports on
the material parameters during such a dynamic process.
with a pulsed laser, hence the values for k = 100 and the experimental values indicated with
black squares and triangles apply. The colored stripes mark the posiƟons where the carrier den-
sity is high enough to change the sign of the permiƫvity for the diﬀerent laser sources used in
this work and, hence, strongly increased scaƩering cross-secƟons in s-SNOM are expected. For
the CO2 laser, carrier lifeƟmes are deﬁnitely shorter than one s and rather in the range of 100 ns.
This value is in agreement with other surface-sensiƟve techniques as reported in [14], who ﬁnd
50 ns in their experiment. For the THz regime, the lifeƟmes are in the range of ten to hundreds
of s.
Altogether it is not easily possible to state an exact lifeƟme for charge carriers when they are
induced by a focused laser. On the one hand, the carrier lifeƟme increases as soon as the ﬁrst
charge carriers recombine. Secondly, the carrier density decreases due to diﬀusion and hence the
lifeƟme increases even without the recombinaƟon of charge carriers. The diﬀusion coeﬃcient
also depends on the carrier density. Overall, there are many phenomena interacƟng with each
other in such a dynamic process. The full determinaƟon of the interacƟon of these phenomena
is complex and is not part of this work. Interested readers may refer to [17], where these eﬀects
are discussed further.
In order to esƟmate the period of Ɵme with an increased s-SNOM signal (" =  1 to " =  5, see
chapter 3), the temporal behavior of the permiƫvity is calculated for two cases in ﬁgure 2.1.8.
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For the ﬁrst case (CO2 laser), a photoexcited charge carrier density of n = 3  1019 cm 3 excited
at t = 0 with a constant carrier lifeƟme of 50 ns is assumed. For the second case (2 THz) an
photoexcited charge carrier density of n = 1:5  1017 cm 3 and a lifeƟme of 40 s are chosen
as parameters. For both cases, the carrier densityis assumed to decay exponenƟally and the
corresponding permiƫvity is calculated with the Drude model. The results are depicted in ﬁgure
2.1.8. The exponenƟal decay of the carrier density is shown on a Ɵmescale of 300 ns (a). In the
same Ɵme, the permiƫvity changes from " = -30 to its bulk value of " = 16. The period of Ɵme
when a strong s-SNOM signal is expected is only 10 ns long. In (b) the Ɵmescale is three orders
of magnitude longer and the Ɵme of enlarged s-SNOM signal is 10 s.
The CO2 experiments performed in secƟon 5.1 use a pulsed excitaƟon laser with a repeƟƟon
rate of 1 kHz (b=1 ms). This leads to a small duty cycle of 10 5, and the expected signals are
consequently low. SƟll, the modulaƟon of the charge carrier density could clearly be observed.
However, the eﬀects would be much larger for the same experiment performed with a THz laser
source, as the duty cycle would be 10 2 for this case due to much longer charge carrier lifeƟmes.
2.2. Plasma Waves in Graphene Field-Effect Transistors
In the 90s, the two famous theoreƟcians M. Dyakonov and M. Shur published a series of seminal
papers [21–24] on the behaviour of electronic transport in a 2-dimensional conducƟng channel
in a ﬁeld eﬀect transistor (FET). They showed that the charge carriers moƟon can be described
by hydrodynamic equaƟons, which is the reason they are oŌen named electron ﬂuid. This ﬂuid
has some fascinaƟng properƟes and develops a so-called plasma wave, which can show resonant
behavior in certain cases. The scienƟﬁc impact of their theoreƟcal work is large, however unƟl
today the evidence for the existence of the plasma waves is indirect and phenomenological [25–
27]. ParƟcularly, they have not been observed directly, as the conducƟng channel in convenƟonal
semiconductor devices is buried under encapsulaƟon material and cannot be accessed directly.
There is strong interest in a direct observaƟon because of an ongoing debate whether such FETs
can also be used as emiƩers of THz radiaƟon arising from the non-thermal excitaƟon of plasma
waves by a strong source-drain current. This was predicted by thework of Dyakonov and Shur [21,
24] and some experimental indicaƟons for this type of emission exist [28], however the results
could be explained by thermal emission as well.
While plasma waves have been studied and been taken to pracƟcal applicaƟons [29–32] in many
classical semiconductor devices, the examinaƟon of such waves in graphene ﬁeld-eﬀect transis-
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tors (GFETs) only recently became part of fundamental research in the recent years. The impact of
electric ﬁelds in graphene properƟes is the main topic in the ﬁrst work on graphene by Novoselov
and Geim [33] and has been exploited in GFETs since then [34–36]. For this work, GFETs with the
channel of the transistor located on top of the device and without an encapsulaƟon layer were
produced, hence the plasma waves could be invesƟgated directly. The devices have sizes in the
low micrometer range, thus an invesƟgaƟon with a sub-diﬀracƟon technique is mandatory and
has been performed via s-SNOM in this work. The results are presented in secƟon 6. The the-
oreƟcal background and the resulƟng properƟes of a gated, two-dimensional electron ﬂuid are
discussed further in this secƟon.
The main results of Dyakonov and Shur from their theoreƟcal reports [21, 24] are presented in
the following. They discuss the properƟes of a classic ﬁeld eﬀect transistor as shown in 2.2.1.
The source and drain electrodes are separated by a layer which is non-conducƟng when the gate
voltage is zero4. When a voltage is applied, electrons form a thin conducƟng channel next to the
gate insulator, which can be regarded as a two-dimensional electron gas. The electron transport
behavior is dominated by scaƩering on phonons or impuriƟes if the channel length L is long. If
the channel length L is small enough and the material is of good quality, the average momentum
relaxaƟon Ɵme  is much longer than the transit Ɵme of the electrons to move from drain to
source. Hence, an average electron passes the device without a single scaƩering event with a
phonon or an impurity, a moƟon oŌen called ballisƟc transport. However, the electron density in
the two-dimensional layer can easily reach n=1012 cm 2 leading to an average electron distance
of 100 Å. As the average distance in between electron-electron scaƩering is in the same range,
the number of electron-electron collision during transit is high even for a small device with a
length of L = 1 m. The transport behavior is thus dominated by electron-electron scaƩering
and consequently the electron gas behaves like a ﬂuid which can be described by hydrodynamic
equaƟons.
For thin insulaƟng layers in between the gate and the channel, the electron density n is given by
n =
CUg
e
; (2.2.1)
4This is a result of diﬀerent doping (n and p) of source and drain and the layer in between them. Without a gate
voltage, current cannot ﬂow from source to drain as one of the pn-juncƟons cannot be passed by electrons.
However, this eﬀect does not play a role in the theory.
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Figure 2.2.1.: Typical ﬁeld-eﬀect transistor. Source and drain are separated by a non-
conducƟng layer. When a gate voltage is applied to the gate, a conduct-
ing, thin channel of a 2D electron gas is formed. IllustraƟon taken from
[21].
where,C is the capacitance per unit area andUg is the eﬀecƟve gate voltage in the channel5. The
Euler equaƟon of moƟon for the one-dimensional case is given by
@v
@t
+ v
@v
@x
=   e
me
@Ug
@x
  v

: (2.2.2)
Here, v(x; t) is the local electron velocity, @Ug/@x is the longitudinal electric ﬁeld in the channel
and the last termaccounts for damping fromelectron scaƩering at phonons and impuriƟes. When
the equaƟon of moƟon is solved, the conƟnuity equaƟon
@Ug
@t
+
@(Ugv)
@x
= 0 (2.2.3)
must be taken into account. The equaƟons 2.2.2 and 2.2.3 coincidence with the hydrodynamic
equaƟons of shallow water given in many textbooks on hydrodynamics (e. g. [37, 38]). In shallow
water, thewater level is the analogon to the charge carrier density and is determined by gravity. In
the case of a ﬁeld-eﬀect transistor, the electron density is controlled by the gate voltage andnot by
the Poisson equaƟon as in the standard two-dimensional case. This fact has drasƟc consequences
on the behavior of the electron ﬂuid, which will be discussed subsequently.
As a ﬁrst case, let us assume the following boundary condiƟons of the system with a constant
current in driven from source to drain and a constant voltage Ug applied to the gate. For the
5In classic ﬁeld eﬀect transistors, a threshold voltage must be reached before the channel is formed. As the
graphene channel is present at all Ɵmes, no threshold must be reached and the oﬀset can be neglected here.
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boundary condiƟons this gives us
Ug(x = 0) = const and (2.2.4)
j(x = L) = const; (2.2.5)
where the current density j = nv is given by the electron density and the electrons’ propagaƟon
speed. Dyakonov and Shur deﬁne the boundary condiƟons as a constant voltage in between
source and gate and a constant current density at the drain (x = L), however this is arbitrarily
chosen and can be interchanged.
As a next step, they regard the inﬂuence of a small, random ﬂuctuaƟon of the propagaƟon speed
and the gate voltage. Let the voltage and velocity at x =0 be modulated
Ug(x = 0) = U0 + Uexte
i!t and (2.2.6)
v(x = 0) = v0 + vexte
i!t: (2.2.7)
Taking the boundary condiƟons and into account, the real and imaginary part of ! = !0 + i!00
can be derived. They read as follows:
!0 =
js2 + v20j
2Ls
l (2.2.8)
!00 =
s2 + v20
2Ls
ln
s+ v0s  v0
 (2.2.9)
with s =
p
eU0/me, the speed of the plasma wave. Here, l is an odd integer for jv0j  s and an
even integer for jv0j  s. As a realisƟc case is given when jv0j  s, this will be considered further.
The important result at this point is the logarithmic dependence of!00. The term (s+v0)/(s v0) is
the reﬂecƟon raƟo of thewave atx = L. It is larger than one for v0  s, hence the reﬂecƟon leads
to an ampliﬁcaƟon in the system! This instability to an external ﬂuctuaƟon is an interesƟng feature
of such a device. By running a constant current through the device, strong plasma oscillaƟons are
induced in the device and hence electromagneƟc waves should be emiƩed. Conclusively, the
device could in general be a radiaƟon source. Mechanisms opposing a growth to an inﬁnitely
strong wave are external and internal fricƟon by electron scaƩering at phonons or impuriƟes and
internal fricƟon due to the viscosity of the electron ﬂuid.
However, with other boundary condiƟons, the device can also be used as a detector. This is the
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second case which will be discussed in this work. Let us assume we apply a voltage Ug = U0
at the gate and run no current through the device. We now induce an external AC ﬁeld (e.g. by
illuminaƟon) in between gate and source. The boundary condiƟons for this case are
Ug(x = 0) = U0 + Uext cos(!t) and (2.2.10)
j(x = L) = 0: (2.2.11)
We will in general search for soluƟons of 2.2.2 and 2.2.3 in the form ofUg(x; t) = U0+U1(x; t)+
U2(x; t)+ ::: and v(x; t) = v0+v1(x; t)+v2(x; t)+ :::. Here,U1 is proporƟonal toUext,U2 toU2ext,
etc. The same applies for the terms of v. For the ﬁrst order, the diﬀerenƟal equaƟons reform to
@v1
@t
+
@u1
@x
+
v1

= 0 (2.2.12)
@u1
@t
+ s2
@v1
@x
= 0; (2.2.13)
where u1 = eU1/m. The soluƟons of 2.2.2 and 2.2.3 for the ﬁrst-order case are given by
Ug = Re[(C1eik0x + C2e ik0x)e i!t] and (2.2.14)
v = Re[!k 10 s 2(C1eik0x + C2e ik0x)e i!t] (2.2.15)
where C1 and C2 are given in [24], and depend linearly on the ﬁeld Uext, a parameter which
cannot be controlled with absolute measures in our experiment. k0 = k00 + ik000 has a real and an
imaginary part. The dispersion of the wave is given with
k00 =
!
s
s
(1 + ! 2 2)1/2 + 1
2

and (2.2.16)
k000 =
!
s
s
(1 + ! 2 2)1/2   1
2

(2.2.17)
We have now derived the full wave equaƟon induced by an AC ﬁeld at the gate for the ﬁrst order
of the diﬀerenƟal equaƟon. Higher orders are much less eﬃciently excited and are neglected at
this point. When the soluƟons of the ﬁrst order at x = 0 and x = L are calculated, we ﬁnd
U = U1(x = 0)  U1(x = L) 6= 0! (2.2.18)
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The plasma wave induces constant a potenƟal in between the source and drain and hence a DC
current is ﬂowing through the device. This eﬀect is quite commonly named recƟﬁcaƟon and
can be detected with simple electronics, although the external AC ﬁeld may have a frequency
way higher than the maximum operaƟng frequency of the transistor (in this work ! is in the THz
range). While Dyakonov and Shur evaluate this behavior further in their publicaƟons [22–24]
and interested readers can refer to their reports for more details, we discussed their ﬁndings in
suﬃciently to analyze the experimental ﬁndings of secƟon 6.
As menƟoned before, the DC current induced by electromagneƟc radiaƟon has been observed
in many cases, however the scienƟﬁc community disagrees on the origin of the ﬁndings. Some
scienƟsts believe the source are plasma waves as predicted by Dyakonov and Shur [25–27, 39,
40], while others believe the origin is a photothermal eﬀect as shown in [41]. A shown above,
the plasma wave show a decaying electric ﬁeld in the channel, while a photothermal eﬀect is not
associated to an electric ﬁeld in the channel. The detected signals in s-SNOM depend on the local
electromagneƟc ﬁeld as shown in secƟon 3.2, hence an invesƟgaƟon with s-SNOM is a suitable
tool to perform an exploraƟon of the plasmawave. As shown in secƟon 6, plasmawaves could be
found using s-SNOM on GFET devices. They show a characterisƟc response to the gate voltage,
ﬁnally proving the existence of the waves with a direct approach.
2.3. Near-Field Microscopy
Near-ﬁeld microscopy is the most important scanning probe technique for this work. It circum-
vents the diﬀracƟon limit of convenƟonal microscopes and enables the access to many funda-
mental phenomena in solid state physics at the nanometer scale. Unfortunately, there are many
abbreviaƟons for this technique. Some variaƟons are due to diﬀerent order and highlighƟng of
the words, like SNOM (scanning near-ﬁeld opƟcal microscopy), NSOM (near-ﬁeld scanning op-
Ɵcal microscopy), NFOM (near-ﬁeld opƟcal microscopy) and near-ﬁeld opƟcal-scanning (NFOS)
microscopy. As the focus of the research went to longer wavelengths in the last decade, there is
also the term SNIM (scanning near-ﬁeld infrared microscopy). Some other names are obsolete,
like opƟcal stethoscopy. In the THz range, the most common term is THz near-ﬁeld microscopy,
which does not have an abbreviaƟon, since SNTHzM cannot be enunciated. In this work, both
infrared and THz near-ﬁeld microscopes are uƟlized. Due to a lack of an abbreviaƟon for those
two techniques, SNOM is chosen in the text, as it is the oldest and most common term. However,
the fundamentals of these techniques are the same. Evanescent waves are probed to break the
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diﬀracƟon limit of convenƟonal microscopy.
In convenƟonal microscopy, the achievable resoluƟon  is deﬁned by the distance two objects
must have to be seperated in the image. It is fundamentally limited by the wavelength used in
the microscope. In 1873, Ernst Abbe, a pioneer in modern opƟcs, determined the lower limit of
the resoluƟon [2] as
 =

2n sin() : (2.3.1)
Here,  is the uƟlized wavelength, n is the refracƟve index of the medium in between the object
and the microscope and  is half of the opening angle of the light collected with the lense. In-
creasing the refracƟve index (e. g. with immersion oil) and the opening angle may improve the
resoluƟon to a certain degree, however for a ﬁxed wavelength, there will always be a limit for the
resoluƟon.
There are several ways to derive equaƟon 2.3.1 or a similar formula with diﬀerent approaches.
Two of them are presented below.
Rayleigh Criterion
The simplest way to derive this formula is the heurisƟc approach with the so-called Rayleigh cri-
teria. Let us assume a slit as a light source. The intensity distribuƟon behind the slit on a screen
is given by
I() /
0@sin

b sin()


b sin()

1A2 : (2.3.2)
Here, b is thewidth of the slit and is the propagaƟon angle of the light aŌer the slit. The intensity
has a maximum value at  = 0 and further maxima at higher angles with the criterion of
b  sin() =
 
k +
1
2
!
  with k = 1; 2; 3; ::: (2.3.3)
and minima at
b  sin() = k   with k = 1; 2; 3; ::: (2.3.4)
31
2. Fundamentals
For small angles we can subsƟtute sin()  . Hence the main maximum has a half-width  of
 = l tan()  l
b
  (2.3.5)
at a screen at the distance l. Let us now assume two slits as light sources. Rayleigh argues that the
maxima of the two sources can be disƟnguished only if they are separated by at least the length
of the half-width. As  depends on the wavelength, the achievable resoluƟon is clearly limited
by it. Higher resoluƟon is only possible when the distance of the screen is the same range as the
width of the slit. This behavior becomes more obvious when taking a look at paragraph 2.3.1.
Pendry’s Superlense Approach
In the highly recognized paper introducing superlensing as a concept for unlimited resoluƟon
in microscopy, John B. Pendry gives a very conclusive explanaƟon for the diﬀracƟon limit [42].
Considering a point dipole in a sample (x-y-plane) with the frequency! in front of a lense, w.l.o.g.
the emiƩed electric ﬁeld can be wriƩen as
~E(~r; t) =
X
kx;ky
~E(kx; ky)  ei(kxx+kyy+kzz !t): (2.3.6)
The wavevector ~k can be wriƩen as
~k2 = k2x + k
2
y + k
2
z =
!2
c2
: (2.3.7)
Let us now regard waves traveling into z-direcƟon. The kz component can be expressed for two
cases
kIz =
r
 k2x   k2y +
!2
c2
for !
2
c2
 k2x + k2y; (2.3.8)
kIIz = i
r
k2x + k
2
y  
!2
c2
for !
2
c2
 k2x + k2y: (2.3.9)
InserƟng this back into equaƟon 2.3.6, we derive two cases for the ﬁeld:
~E(~r; t) =
X
kx;ky
~E(kx; ky)  ei(kxx+kyy !t)  eikIzz|{z}
prop:
(2.3.10)
~E(~r; t) =
X
kx;ky
~E(kx; ky)  ei(kxx+kyy !t)  eikIIz z| {z }
evan:
: (2.3.11)
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EquaƟon 2.3.10 will lead to propagaƟng waves which will reach the lense and are detected in a
macroscopic experiment. The in-plane components are restricted by k2x + k2y  !2c 2, hence
there is a maximum wavevector kmax, thus limiƟng the smallest detectable lateral change of op-
Ɵcal informaƟon in the real space. Pendry approximates the limit of the resoluƟon to
  2
kmax
=
2p
k2x + k
2
y
 2c
!
= : (2.3.12)
For the evanescent case, the wavevectors kx and ky do not have an upper limit and thus can
carry informaƟon of the opƟcal properƟes with inﬁnite resoluƟon. The key to circumvent the
diﬀracƟon limit is the detecƟon of these waves. The following two chapters feature the ideas for
successfully performing such an experiment.
2.3.1. Aperture-SNOM
Roughly 50 years aŌer Abbe determined the limit of convenƟonal microscopy, E. Synge proposed
a method to achieve resoluƟons beyond the diﬀracƟon limit [3]. His idea was simple: If a small
aperture is posiƟoned close to the sample surface, the illuminated area is determined by the size
of the aperture and hence the resoluƟon is not limited by the wavelength anymore. At the Ɵme
he proposed the idea, he was not able to build such a small aperture, neither could he place it
precisely enough above the sample surface. Also, light detectors at that Ɵmewere too insensiƟve
to detect the small amount of light passing through such a small aperture. The technical devel-
opments allowing for such an experiment needed decades to be developed. He died way before
his fundamental idea for aperture-SNOM (a-SNOM) could ulƟmately pay oﬀ.
The ﬁrst report on such super-resoluƟon technique came by Ash and Nicholls in 1972 [5], where
they used microwaves with  = 3 cm and achieved a resoluƟon of /20. Here, the long wave-
length facilitated the experiment drasƟcally, as the aperture had a size of 1.5 mm and no nano-
posiƟoning system was needed to place the aperture on the sample. For shorter wavelengths,
scanning probe microscopy needed to be developed ﬁrst. The ﬁrst report in the visible regime
was published in 1984 by Pohl et al. [43], where a resoluƟon of /20was achieved at  = 488nm.
Today’s aperture-SNOM sƟll use the same principle. An edged glass ﬁber is coated with a metal
ﬁlm to achieve a small hole at the end. To approach and scan the sample surface, the so-called
tuning-fork method is applied, which works in a very similar way as an atomic force microscope
(AFM) in non-contact mode (see secƟon A.1 for a detailed descripƟon of the method). The ﬁber
oscillates with a small amplitude in the x-y-direcƟon. When it reaches the sample surface, the
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Figure 2.3.1.: Concepts of SNOM: (a) shows the idea of Synge to place a small aperture
close to a sample. The illuminaƟon comes from the top (blue) and the
sample is illuminated only below the hole (blue semi-ellipsoid). The scat-
tered light (red) is passing the aperture and travels in all direcƟons. The
experimental implementaƟon of three diﬀerent a-SNOM is shown in (b),
where metal-coated glass ﬁbers are applied. The illuminaƟon is always il-
lustrated with blue, the scaƩered light with red arrows. The relevant part
of the sample, contribuƟng to the scaƩered signal, is shown with the blue
semi-ellipsoids. When Babinet’s principle is applied to Synge’s idea, the
aperture is replaced with a small scaƩerer (c). The experimental imple-
mentaƟon is shown in (d), where a metallized AFM Ɵp is used as such a
small scaƩerer close to the sample surface.
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oscillaƟon is damped and the eigenfrequency shiŌs. This shiŌ is used as the control parameter in
the a-SNOM. The opƟcal resoluƟon achieved with this technique is limited by two factors. Firstly,
the amount of light transmiƩed through a nanoscale hole is very small, hence the detector must
be sensiƟve enough for the applicaƟon. Secondly, the light penetrates into the metal coaƟng via
the skin eﬀect [44], leading to a lower resoluƟon limit of roughly 30-50 nm [45].
Today, a-SNOM is not longer a topic of fundamental research in physics but a rather common
and commercially available technique applied in many other scienƟﬁc areas like biology. A re-
cent and detailed review arƟcle is found in [46]. One major point why a-SNOM has less impact
in fundamental solid state physics in the recent years can be explained with the trend towards
shorter and longer wavelengths. Here, compared to the visible regime, many more phenomena
are far less explored (compare secƟon 2.4). At smaller wavelengths, the diﬀracƟon-limit is less
problemaƟc, as an UV or X-ray microcope achieves good resoluƟon intrinsically. For larger wave-
lengths, the interest for tools for the invesƟgaƟons on the nanometer scale is unevenly higher
due to the reduced resoluƟon with convenƟonal techniques. However, the power transmiƩance
of this ﬁber-based technique is too Ɵny to be uƟlized in this ﬁeld of research.
Figure 2.3.1 (a) illustrates the idea of Synge. An aperture is placed above a sample and illuminated.
The light reaches the sample only in the area where the aperture’s hole is placed. The scaƩered
light from the sample can be detected. The experimental implementaƟon of Synge’s idea is de-
picted in (b). Three types of a-SNOM are shown. All uƟlize a metal coated glass ﬁber with a small
opening at their ends. On the leŌ, the illuminaƟon is performed through the ﬁber and the light
is collected aŌer transmission through the sample. In the second case (center), the illuminaƟon
comes from the boƩom and the scaƩered light of the small area is collected with the ﬁber. Both
these two methods have the disadvantage that only transparent samples can be invesƟgated. In
the third case (right), both illuminaƟon and collecƟon of the light is performed through the ﬁber.
This can be performed on absorbing samples, however the light must go through the small hole
of the ﬁber two Ɵmes, strongly reducing the amount of light which can ﬁnally be detected.
2.3.2. Scattering-SNOM
According to Babinet’s principle, the diﬀracƟon paƩern of an aperture and its complementary
body is the same. For this reason, the aperture proposed by Synge can be exchanged by a small
scaƩerer placed close to the sample surface, depicted in ﬁgure 2.3.1 (c). When this idea is trans-
ferred to a-SNOM, the ﬁber can be replaced by a metal AFM Ɵp (d). Here, the illuminaƟon is
coming from the side and the Ɵp scaƩers the light arising from the area below the Ɵp towards
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the detector. Although this vivid explanaƟon of the s-SNOM working principle is plausible, the
theory of the fundamental mechanisms and the detecƟon principle is much more complex and
described in detail in secƟon 3.1. In the following paragraph the state-of-the-art of s-SNOM is
brieﬂy described.
The Ɵp-sample system is usually illuminated from the top/side direcƟon via a non-dispersive
parabolic mirror (or less oŌen a lense) and most groups collect the backscaƩered light with the
same mirror [7, 15, 47–52] which has the advantage that only one parabolic mirror (with 6 de-
grees of freedom) has to be properly aligned. However, some groups also use a forward scaƩering
detecƟon scheme [53] for measurements less sensiƟve to beam ﬂuctuacƟons. It is also applied
in Ɵme-domain-spectroscopy-SNOM (TDS-SNOM) for easier alignment of the setup and due to
a larger dynamic range of the detectors [54–56] allowing for the correct separaƟon of the large
background and small near-ﬁeld signals. Although the setups are most commonly illuminated
from the top under an angle, some groups use an aƩenuated total reﬂecƟon (ATR) illuminaƟon
scheme from the boƩom [57]. This strongly reduces inﬂuences of the background, but has the
disadvantage that a prism is needed as a light-transmissive opƟcal element, taking away the ad-
vantage of a completely wavelength-independent setup. Today, this illuminaƟon is rarely applied
in s-SNOM as the data interpretaƟon is complex when the light has passed the sample and the
prism two Ɵmes. Recently, ATR illuminaƟon was applied in Ɵp-enhanced Raman spectroscopy
(TERS) [58].
All s-SNOM techniques have two aspects in common: Firstly, the background is suﬃciently sup-
pressed via the modulaƟon of the Ɵp sample distance, as the near-ﬁeld is only present close to
the sample surface (see secƟon 3.2.3). While most group apply higher-harmonic demodulaƟon
via lock-in ampliﬁers, there is also a report on phase-domain sampling of the canƟlevers’ phase
correlaƟng it to the detectors’ signal with data post-processing [59]. Secondly, the resoluƟon only
depends on the apex of the uƟlized Ɵp and not on the wavelength. The typical resoluƟon lies in
the range of a few ten nanometers [7, 15, 60], even values of 3 nm were reported [45].
Since the ﬁrst s-SNOMs reported by Inouye et al. and Zenhauser et al. in 1994 [4, 45], the tech-
nique has come a long way. Only two years later, the ﬁrst mid-infrared s-SNOM showed a reso-
luƟon of 17 nm at a wavenlength of  = 10.6 m [6], the clear proof that the wavelength does
not play a role in the resoluƟon of s-SNOM. AŌer that, homodyne [49], heterodyne [50], pseudo-
heterodyne [51] and syntheƟc opƟcal holography [61] have been developed to seperate ampli-
tude and phase of the scaƩered near ﬁeld signal. Broadband radiaƟon allows for the deducƟon
of nano-opƟcal spectra via nano-FTIR [62]. In the recent years, low-temperature s-SNOM is in
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the scope of several researchers [63–67]. Another ﬁeld of research was opened through the inte-
graƟon of pump-probe setups with s-SNOM for Ɵme-resolved measurements with fs resoluƟon
[68–70].
In general s-SNOMmaps a material contrast at the nanoscale (see secƟon 3.1). With correct ref-
erencing, it can even deliver quanƟtaƟve values for the dielectric constants [52]. Almost every
eﬀect inﬂuencing the opƟcal properƟes that can be measured at the macroscopic scale can be
measured with s-SNOM as well. Below, some examples are given. Areas of diﬀerent electron
densiƟes can be idenƟﬁed with the technique [15] including also transient phenomena like plas-
mon resonances [71, 72]. Phonon resonances can be idenƟﬁed [63, 73–77] as well as vibraƟonal
bonds of chemical reacƟon products [62, 78, 79]. It has been successfully combined with Raman
spectroscopy [58, 80] and can also be used to directly map stress and strain [81, 82].
The integraƟon of s-SNOM to infrared and THz beamlines of large scale faciliƟes is becomingmore
and more common to uƟlize the unique characterisƟcs of either ultra-broadband radiaƟon from
synchrotrons [53, 77, 83–85] or narrow-band radiaƟon from free-electron lasers [7, 63, 86, 87]
realized at the Helmholtz-Zentrum Dresden-Rossendorf by the group of Prof. Eng.
Low THz s-SNOM has seen a huge interest in the last few years. Many scienƟﬁc groups working
with s-SNOM reported on their progress in this ﬁeld. There are few light sources available oﬀering
narrow-band radiaƟon, either tunable and from free-electron lasers with low availability [7] or
only at disƟnct laser lines [15, 48, 88]. These sources oﬀer the invesƟgaƟon of resonant behaviour.
Other groups use short and broadband THz pulses with Ɵme-domain spectroscopy to deduce
nano-spectroscopic informaƟon in the lowTHz range [54–56, 89]. One advantage of this approach
is the direct probing of the near-ﬁeld compared to detecƟon schemes where the near-ﬁeld needs
to interfere with a background before it can be detected.
In this work THz s-SNOM uƟlizing both broadband radiaƟon from a photoconducƟve antenna as
well as narrow-band radiaƟon from the free-electron laser FELBE has been applied. The results
are presented in secƟon 4.3 and 6.
2.4. THz Optics
THz radiaƟon is part of the electromagneƟc spectrum and is quite roughly determined. Deﬁ-
niƟons cover frequencies of 0.1 THz up to the so-called mulƟ-THz range of 40 THz6. The main
6As the term THz has become a buzzword in the last decade, it is quite oŌen used for mid-infrared radiaƟon as well.
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reason part of the electromagneƟc spectrum is commonly named THz gap is the lack of available
THz sources, espacially from 1 to 10 THz . Only in the last three decades, THz sources have be-
come available to more than just a few pioneer scienƟsts and almost none of them are turn-key
devices. The main reason for the lack of sources is that concepts of opƟcs and electronics can-
not simply be transferred to this range. To achieve an inversion populaƟon the lasing material
must be cooled down 7 with liquid helium. Also, electronic devices reaching such high frequen-
cies become highly ineﬃcient and thus deliver very low radiaƟon power. They same is valid for
THz detectors. Although there has been quite remarkable progress in the ﬁeld, to the best of the
authors’ knowledge, the area of 3-10 THz sƟll is not covered by table-top laser sources suitable
for s-SNOM. In this secƟon, an overview of physical phenomena in the THz range, of THz sources
and THz detectors will be given.
Physical Phenomena in the THz regime
Many interesƟng physical phenomena in THz range exist, and there has been a signiﬁcant rise in
the number of publicaƟons in the last years. Raising no claim to completeness, some are listed
below.
• Phonon energies can lie in the low THz range. e. g., for GaAs, acousƟc and opƟcal phonons
have frequencies of 0.5 and 0.8 THz [90].
• As shown in secƟon 2.1, charge carrier densiƟes of 1016 to 1018 /cm3 have plasma frequen-
cies in the THz range. Thus, THz radiaƟon is very sensiƟve to small electron concentraƟons.
• Zeeman spliƫng eﬀects can be invesƟgated with THz radiaƟon [91].
• Another eﬀect controlled by applied magneƟc ﬁelds is the cyclotron resonance, which can
lie in the THz region and is of relevance for THz detecƟon. [92].
• Dopants in semiconductors can have ionizaƟon energies of fewmeV [93] (e. g. an Sb donor
in Ge will induce a resonance of the system at 2 THz).
• In so called highly correlated material systems, energies of laƫce vibraƟons, spin waves
and electron-hole pairs can have energies in the low THz range. As these phenomena have
the same energy range, they are strongly entangled and show fascinaƟng properƟes. [94].
• Surface Plasmons exist also at THz frequency [95].
• Magnons usually have resonances in the low THz regime [96].
71 THz b= 300 m b= 4.1 meV b= 47.6 K
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• Quite recently, non-linear eﬀects due to ultra-strong THz ﬁelds could beobserved in graphene
[97].
Interested readers may also refer to the review paper by Lewis [1].
THz sources
The lack of high power and reliable THz sources has been the main reason for the slow develop-
ment in THz science and technology in the past. However, as interest in the exploraƟon of the
THz regime has risen in the last decades, now more and more THz sources are available using
diﬀerent concepts. As THz science as a ﬁeld of research may be relaƟvely unfamiliar to some
readers, the most common concepts will be brieﬂy introduced in this secƟon. For more details,
readers may consult the review arƟcles and book given in [98–100]. The ﬁrst THz sources were
incoherent and broadband radiaƟon sources, like the globar source and the mercury lamp (the
laƩer is sƟll used in many FTIR applicaƟons today), however state-of-the-art THz sources are all
coherent. Hence, we will focus on these sources in this secƟon.
The ﬁrst high power cw sources in the THz regime were alcohol lasers, running at disƟnct laser
lines. The most common lasermedium is CH3OH delivering radiaƟon with a frequency of 2.54
THz. They can have output powers of 100 mW [101] and have even been uƟlized for THz near-
ﬁeld microscopy [15]. However, the cavity of such a laser must be several meters large, the pump
power is usually supplied by a very strong CO2 laser and hence a heavy duty and precise cooling
system must be installed to guarantee stable laser performance. Overall, this makes the use of
such a laser very impracƟcal.
Other narrow-band cw sources are quantum cascade laser (QCLs). They can in general be de-
signed to a desired wavelength and newest designs are quite tuneable [102]. There are more
and more companies oﬀering turn-key soluƟons, however the devices are expensive. The output
power ranges around 1 mW. Also, cryogenic temperatures are needed to operate the systems.
With state-of-the-art closed-cycle cooling systems, this has become less challenging in the last
years. In s-SNOM QCL with a frequency of 3 THz have successfully been applied [103] as well as
mid-infrared QCLs [104]. However, the regime from 3 to 10 THz is sƟll not covered.
A very new cw source for THz scienƟsts are high-power SchoƩky diodes. With frequency upmixing
they now reach almost one THz and have even been applied for s-SNOM [48]. The are commer-
cially available with powers of up to a few ten mW [105]. However, the upconversion eﬃciency
of the diodes will decrease further for higher frequencies and probably never reach the range of
few THz.
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While the sources menƟoned above are narrow-band emiƩers, there are also pulsed and broad-
band emiƩers available. A quite common concept is the uƟlizaƟon of short and broadband visible
or infrared laser pulses for opƟcal recƟﬁcaƟon. The fs pulse is shot on a crystal which shows a
signiﬁcant non-linearity in intense electric ﬁelds. Most commonly, ZnTe is used for this applica-
Ɵon. Here, the non-linear dependence of the polarisaƟon to the electric ﬁeld leads to diﬀerence
frequency generaƟon of all spectral components included in the laser pulse. This creates a ps THz
pulse with a spectrum ranging from few ten GHz up to roughly 5 THz. The disadvantage is that
even for small THz powers of few ten W, the crystal is already at the breakdown input power
due to very low conversion eﬃciency. Recently, lithium niobate has been uƟlized for pulsed THz
emission. Here, the breakdown of the crystal can be circumvented through strong dispersion at
visible wavelengths. As many scienƟsts are interested in large THz ﬁelds, this concept is mostly
used with low repeƟƟon-rate laser sources to create intense THz pulses. Due to the low repeƟ-
Ɵon rate, it has not been applied with s-SNOM yet. Both types of sources are explained in more
detail in [106].
In this work both broadband and narrow-band THz sources were applied. The working principles
are presented in detail in the follwing.
The broadband source is a photoconducƟve antenna (PCA). The concept is depicted in ﬁgure
2.4.1. Two electrodes are seperated by a semiconductor8. Between the electrodes, a DC voltage
is applied. In the ground state, almost no current is running in between the electrodes. Electrons
are now excited into the conducƟon band by a fs laser pulse (red) and leave holes in the valence
band. The charge carriers are separated by the applied voltage and induce a current ﬂow rising
and then falling again in between the electrodes. This process lasts for a short period of Ɵme and
is limited by the charge carrier lifeƟme9.
Moving charges will always induce an electromagneƟc ﬁeld following Eind / dI(t)/dt. As a
result, broadband THz radiaƟon (blue) is emiƩed from the device. For this work, a large-area
device combining many of such antennas was used10. It has a spectrum from roughly 200 GHz to
5 THz and a peak emission frequency of 1-1.5 THz. The output power reaches up to 1 mW [107].
As fs lasers are used to excite the antenna, it is a suitable source to be combined with other
Ɵme-resolved techniques and can be detected via Ɵme-domain spectroscopy (TDS, see following
secƟon). The emission spectrumof a PCA is quite similar to the spectrumof a recƟﬁcaƟon emiƩer.
However, the eﬃciency of recƟﬁed emission is very low and cannot be improved further due to
8most commonly low-temperature grown GaAs
9for GaAs typically in the range of few ns
10Tera-SED 10, LASER QUANTUM LTD
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fs laser pulse 
Single cycle and 
broadband THz 
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e h 
VDC 
Figure 2.4.1.: SchemaƟc drawing of a PCA. On a substrate material, two electrodes (or-
ange) and a suitable semiconductor (green) in between them are grown.
When a fs laser pulse hits the semiconductor, charge carriers are sepa-
rated and transferred between the electrodes, inducing an electromag-
neƟc ﬁeld propagaƟng out of the device.
41
2. Fundamentals
the breakdown limit of the crystals when the excitaƟon laser is focused in the crystal. PCAs are
already at least as strong as recƟﬁed emiƩers, but sƟll under development and become more
eﬃcient every year. Although PCAs are acƟve devices as they need to be driven with a power
supply, theywill very likely be the broadband emiƩer of choice formany applicaƟons in the future.
The narrow-band THz source applied in this work is the free-electron laser FELBE located at the
Helmholtz-Center Dresden-Rossendorf. Free-electron lasers (FEL) deliver intense and narrow-
band radiaƟon and are usually tuneable over a wide spectral range. FEL theory is complex, but
can be managed. However, the technical implementaƟon is costly and challenging, the operaƟng
costs are also high due to large power consumpƟon (e. g. by LHe cooling). Hence only few of this
large facility lasers are available. To the best of our knowledge, the s-SNOM uƟlized in this work
is the only near-ﬁeld microscope at such a beamline and can be used in the wavelength range of
 =5 - 230 m. In the following, the FEL working principle will be explained.
A schemaƟc picture of an FEL is shown in ﬁgure 2.4.2. A relaƟvisƟc electron beam is guided
into an array of alternaƟng magnets. Here, the electrons experience an undulaƟng movement
around their propagaƟon direcƟon. On each curve, they emit electromagneƟc radiaƟon as they
are accelerated radially. This kind of radiaƟon is called synchrotron radiaƟon or also magneto-
bremsstrahlung. The wavelength of the emiƩed radiaƟon is on the one hand determined by the
distance of the undulator’s magnet and their magneƟc ﬁeld strength. On the other hand, the
electron energy is an important and tunable parameter. AddiƟonally, one needs to consider rel-
aƟvisƟc eﬀects, namely the Lorentz contracƟon of the undulator as viewed from the electrons
coordinate system and secondly the change of the wavelength for an observer outside the FEL
due to the relaƟvisƟc Doppler eﬀect. The overall wavelength is given by [109]
 =
u
22

1 +
K2
2

with  = 1p
1  v2/c2 and K =
eBuu
2mec
: (2.4.1)
Bu is the magneƟc ﬁeld of the undulator and u the distance of two equally poled magnets.
At FELBE, the accelerator delivers electron bunches with a repeƟƟon rate of frep =13 MHz with
electron energies of up to 40MeV. The cavity length is matched to a value that a round trip of the
light matches this frequency and for every cycle new electrons are injected into the undulator.
The electron bunches are longer than the wavelength u of the undulator. All electrons in general
emit at a random phase and the radiaƟon is incoherent. Coherent emission is achieved by so-
called micro-bunching. Here, the electromagneƟc ﬁeld in the cavity interacts with the electrons,
decreasing or increasing their energy depending on their phase compared to the electromagneƟc
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Figure 2.4.2.: SchemaƟc drawing of a free-electron laser taken from [108]. An electron
accelerator (1) delivers electron bunches which are guided by dipolar mag-
nets (2) into the caviƟty. The electrons’ movement in the cavity is inﬂuence
by alternaƟng staƟc magneƟc ﬁelds and they emit radiaƟon at each wig-
gle unƟl they reach the end of the undulator and are directed towards a
beam dump. The emiƩed radiaƟon is stored in the laser cavity. In contrast
to a usual laser systems, the outcoupling is established via a hole instead
of a parƟally transmiƫng laser mirror. The reason is the tuneability of the
laser and the lack of materials which are parƟally transmiƫng over the
large spectral range of the FEL.
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ﬁeld. The randomly distributed electrons become concentrated in microbunches. Their distance
matches the wavelength of the emiƩed electromagneƟc ﬁeld and coherence is achieved. Inter-
ested readers may refer to [110] for a short theoreƟcal essay of free-electron lasers, [109] for a
much more detailed discussion and [108] for a review of state-of-the-art technologies and their
future applicaƟons.
Free-electron lasers in general can be used to create strong coherent radiaƟon from hard X-rays
to millimeter waves. A list with many parameters of the roughly 50 faciliƟes worldwide can be
found in [111]. The free-electron laser FELBE delivers radiaƟon from 5-230 m wavelength with
two diﬀerent undulators and delivers powers of several waƩs at any wavelength. Depending of
the seƫngs, more than 100 waƩs of power can be reached [112]. In contrast to most other
faciliƟes, FELBE delivers pulses with a repeƟƟon rate high enough for the usage in s-SNOM. In
this work, the U100 undulator of FELBE was used with 2 THz (b= 150 m) radiaƟon.
THz detection
In general, THz detecƟon concepts can be classiﬁed in two categories. On the one hand, detec-
Ɵon systems which detect intensiƟes I / E2 of the THz ﬁeld and can detect incoherent radiaƟon
are e. g. applied in FTIR spectroscopy. They can directly detect any THz radiaƟon and thus also
pick up any random background noise, like blackbody radiaƟon from the surroundings. On the
other hand, coherent detecƟon systems are more complex in their applicaƟon and can only be
applied for pulsed and coherent detecƟon. However, as they directly detect E and usually inte-
grate the signals over a certain amount of Ɵme, random background ﬂuctuaƟons are averaged
to zero and eﬃciently suppressed. In this work, both coherent and incoherent detecƟon systems
were applied. Their working principles are explained below.
The most prominent incoherent detecƟon systems for THz radiaƟon are photodetectors with
shallow impuriƟes such as gallium-doped germanium and pyroelectric detectors like bolometers
[113]. Both achieve best sensiƟvity and signal-to-noise raƟo when they are cooled to cryogenic
temperatures. Assuming the electrons’ distribuƟon in the detector to be given by the Maxwell-
Boltzmann staƟsƟc, 2 THz radiaƟon corresponds to a temperature of 95 K11.
In this work a LHe-cooled hot-electron bolometer12 was used to detect 2 THz radiaƟon from the
free-electron laser FELBE. Here, the InSb sensor is cooled to a temperature of 4.2 K. The elec-
trons are only weakly coupled to the crystal laƫce and interacƟon with phonons is minimized.
112 THz b= 8.2 meV, kB = 8,6210 2 meV/K) T = 95 K.
12QMC Instruments QFI/XBI
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Figure 2.4.3.: RelaƟve response of standard and magneƟcally tuned InSb hot-electron
bolometers. Figure taken from [114]. The InSb applied in this work is
tuned to roughly 2 THz (dahed line).
Whenever photons are absorbed by thematerial, the temperature rises and the electronmobility
e / T 3/2 changes [114]. The low eﬀecƟvemassme of the charge carriers allow for fast detecƟon
of the changes. In InSb bolometers, the eﬀecƟve relaxaƟon Ɵme of the system is roughly 0.3 s
and the bandwidth (-3 dB) is stated to be 1 MHz. For a typical s-SNOM, this should be the lower
bandwidth limit of the detector. During this work, signals with even higher frequencies of 1.6
MHz were detected.
Standard InSb bolometers can be used to detect radiaƟon with frequencies below 1.5 THz. The
key to use such a bolometer for higher frequencies is to exploit the cyclotron resonance of the
electrons in the crystal. As already menƟoned above, this resonance oŌen lies in the THz range.
Here, a permanent magneƟc ﬁeld B is used to tune the cyclotron resonance to the desired fre-
quency !c = eB/mec. As this resonance is accompanied by strong absorpƟon, the highest sensi-
Ɵvity of the detector can be deliberately tuned to the desired frequency. Typical sensiƟvity spec-
tra of such a detector are shown in ﬁgure 2.4.3. Here, the response peak is only a few hundred
GHz wide. By using an inhomogeneous magneƟc ﬁeld, the resonance peak can be broadened as
the eﬀecƟve cyclotron resonance is spaƟally varying within the InSb crystal. However, a broader
peak corresponds to lower sensiƟvity at a ﬁxed frequency and the tuning should be chosenwisely
for each applicaƟon.
For coherent detecƟon, either photoconducƟve antennas or electro-opƟc sampling can be ap-
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plied. In photoconducƟve antennas the detecƟon principle is as follows: No DC voltage is applied
when the fs laser pulse creates free charge carriers in the semiconductor. If a THz pulse hits the
antenna at the same Ɵme, the carriers are transported to the electrodes due to the presence of
the THz ﬁeld and create a net current which can be measured. Although the alignment is rela-
Ɵvely simple, the Ɵme-resoluƟon of this technique is limited by the carrier lifeƟme and are in this
sense inferior to electro-opƟc sampling, where the Ɵme-resoluƟon is only limited by the laser
pulse length.
Electro-opƟc sampling is a highly eﬃcient and low-noise detecƟon method for pulsed and syn-
chronized THz radiaƟon. As it measures the THz ﬁeld in the Ɵme-domain it is oŌen called Ɵme-
domain spectroscopy or TDS. The term spectroscopy applies as the pulse informaƟon can be
fourier-transformed into the frequency-domain directly allowing for spectral invesƟgaƟon. A typ-
ical setup is shown in ﬁgure 2.4.4. A focused THz pulse and a linearly polarized fs laser pulse are
focused onto an electro-opƟc crystal13. If there is no temporal overlap of the beams (a), the fs
laser pulse ﬁrst passes the electro-opƟc crystal and then a /4 waveplate, where its polarizaƟon
is changed to circular. The two polarizaƟon components are now equally split up by a Wollaston
prism (WP) and detected by two highly sensiƟve photodiodes. If the laser pulse and the THz pulse
have a temporal overlap at the electro-opƟc crystal (b), the linear polarizaƟon of the laser pulse
is rotated via the Pockels eﬀect induced by the THz pulse. Please note that the Pockels eﬀect is
sensiƟve to the THz electric ﬁeld and not to its intensity. AŌer passing the /4 waveplate, the
beam has ellipƟcal polarizaƟon and is unequally split up by the Wollaston prism. The intensity
change at the photodiodes can be measured with high sensiƟvity and precision by diﬀerenƟal
ampliﬁers and hence leads to the most sensiƟve detector for THz radiaƟon. As the measurement
is usually averaged over thousands or millions of pulses, random background ﬂuctuaƟons of the
electric ﬁeld are simply averaged out. In comparison, incoherent detectors will show random
background ﬁeld ﬂuctuaƟons as a noise ﬂoor. If the temporal delay of the fs laser and the THz
is changed via a delay line, the amplitude and phase of the THz pulse can be measured with a
temporal resoluƟon limited only by the pulse length of the fs laser. For this reason, this is oŌen
called sub-cycle resoluƟon, as the resoluƟon is shorter than the THz pulse. Full amplitude and
phase informaƟon makes the coherent detecƟon inherently superior to incoherent detecƟon,
as phase informaƟon is lost unless it is combined with a phase-sensiƟve detecƟon method like
interferometry. Whenever possible, coherent detecƟon should be applied.
13There are other devices such as PCAs which can be applied as well, however electro-opƟc crystals were used in
this work and the theoreƟcal descripƟon is regarding this method only.
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Figure 2.4.4.: Electro-opƟc sampling setup. (a) shows the principle with no temporal
overlap of the THz (blue) and fs laser (red) pulse. The fs laser is equally
split at the photodiodes (PDs). With temporal overlap (b), the polarisaƟon
of the laser pulsed is turned at the electro-opƟc crystal (EO) and the beam
is unequally split up to the PDs.
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Electro-opƟc sampling can in general be applied for any combinaƟon of synchronized THz pulse
and fs laser. The only requirement is a detecƟon crystal which is transparent and show the Pockels
eﬀect for both the THz radiaƟon and fs laser. It can be applied for mid-infrared [68] and for low
THz radiaƟon [56]. To achieve a larger signal-to-noise raƟon, a chopper is usually placed into the
beam path of the THz pulse and the signal at the photodiodes is modulated with the chopping
frequency. Using a Lock-In ampliﬁer demodulaƟng the signal using the chopping frequency as the
reference frequency, it reaches a dynamic range of more than 90 dB [115] and is hence the most
sensiƟve THz method available.
THz s-SNOM is a ﬁeld of research which is sƟll under exploraƟon. It has been applied with narrow
band radiaƟon from cw sources [15, 116] and with the tuneable free-electron laser FELBE [7] for
mapping charge carrier densiƟes. In a recent report, a fully electronic THz source has been applied
for the very low THz range [48]. Another track is the uƟlisaƟon of broadband THz radiaƟon and
detecƟon in a TDS s-SNOM system. Here, ﬁrst reports are from 2008 [54], while quality has been
improved drasƟcally in the last years [55, 56]. Recently, a TDS s-SNOM has been applied to study
the properƟes of graphene [89]. Now, even commercial systems are available [117]. However,
there is sƟll much open room for exploraƟon.
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Alles, was noch nicht gewesen ist, ist Zukunft, wenn es nicht gerade
jetzt ist.
(Dr. Angela Merkel)
This chapter provides a discussion on the theoreƟcal background of scaƩering-type scanning near-
ﬁeld microscopy. As the focus of this thesis is on experimental work, the fundamental theory
introduced by Knoll and Keilmann is explained brieﬂy. Although this analyƟc descripƟon of a
model scaƩering-type near-ﬁeld microscope is rather simple, it sƟll predicts the experimental
behaviour quite well. The experimental detecƟon of the predicted signatures with Lock-In am-
pliﬁers at higher harmonics is explained as well. Moreover, several experimental methods for
phase-resolved detecƟon are presented. Furthermore, the model is expanded for systems with
non-constant sample properƟes in secƟon 3.3. Here, amplitude-modulaƟon leads to the creaƟon
of sidebands in the s-SNOM signal which can be detected with enhanced signal-to-noise raƟo. As
a last point, more realisƟc Ɵp geometries are invesƟgated with numerical methods to explain the
divergence of the dipole model to experimental observaƟons.
3.1. Dipole Model
Themost common analyƟc descripƟon of a scaƩering-type near-ﬁeld microscope was introduced
by Berhard Knoll and Fritz Keilmann in their seminal paper in 2000 [118]. Although the model is
analyƟc and relaƟvely simple, in many cases the predicƟons of this approach match quite well to
the experimental results and can even be used for quanƟtaƟve analysis of complex permiƫvity
at the local scale [52]. This secƟon is summarizing Knoll’s and Keilmann’s model as it is needed
for further discussions in this chapter and for the interpretaƟon of the experimental results.
Firstly, they propose a sphere much smaller than  as an approximaƟon for the scaƩering Ɵp,
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Figure 3.1.1.: SchemaƟc sketch of the dipole model. (a) shows the case for the electric
ﬁeld E direcƟon perpendicular to the surface. The sphere with the radius
a and the distance z to the sample surface has a dipole moment ~pp (red
and blue color) in the same direcƟon. The induced mirror dipole has the
same direcƟon for j"sj  1, but not necessarily the same size. In the case
of ﬁeld direcƟon parallel to the surface (b), the dipole moments show in
opposite direcƟon.
which is made of an isotropic material with a radius a  and the polarizability . In textbooks
on classical electrodynamics (e. g. [119]), the polarizability of such a sphere in vacuum is given by
 = 4a3 

p   1
"p + 2

: (3.1.1)
Here, "p is the complex dielectric constant of the sphere, labeled with p as it is the probe material
in the s-SNOM.Whenever there is an electric ﬁeld present at the sphere, a dipole moment ~pp will
be induced
~pp = ~E: (3.1.2)
Secondly, they assume the center of the sphere is located at a distance r from the sample ﬁlling
the lower halfspace and, ﬁrstly, consider the case of ~E perpendicular to the surface (see ﬁgure
3.1.1 (a)). The dipole of the sphere has a ﬁeld at the sample surface underneath the Ɵp given by
~Esurf = ~p/(2r
3), leading to surface charges which will again induce an electric ﬁeld in the upper
halfspace. This eﬀect is well known and is best described by an image dipole ~ps which is located
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in the sample at a distance of r below the surface. This dipole moment is labeled with s for the
sample and is given by
~ps =   ~pp =

"s   1
"s + 1

 ~pp: (3.1.3)
The image dipole’s an electric ﬁeld alters the total ﬁeld at the posiƟon of sphere. Hence, the
dipole moment pp will be larger as well and is now given by
~pp = 

~E +
~ps
16r3

=
 

1  
16r3
!
 E: (3.1.4)
The whole system now exhibits a total ﬁeld induced by both the sphere’s and the image dipole.
At large distances, it can be describe as a single dipole with the eﬀecƟve polarizability
eff =
(1 + )
1  
16r3
: (3.1.5)
for the perpendicular case.
For the case of the incident ﬁeld being polarized parallel to the sample surface, two changes in
the calculaƟon must be considered. Firstly, the Ɵp dipole’s ﬁeld at the sample surface is given
by ~Esurf =  ~p/(4r3) and the image dipole moment is then given by ~ps =  ~pp as depicted in
ﬁgure 3.1.1 (b). Following the same path as before, the eﬀecƟve polarizability reads
eff =
(1  )
1  
32r3
(3.1.6)
for the parallel case.
Please note that all thoughts to this point neglect phase retardaƟon in between the two dipoles
and is thus oŌen called the quasi-electrostaƟc soluƟon to the problem. To ﬁnd the scaƩering
cross-secƟon of the system, theMie-theory for scaƩering of electromagneƟc waves on small par-
Ɵcles is applied. In the Rayleigh-limit (a  ) the cross-secƟons for scaƩering and absorpƟon
are given by
Csca =
k4
6
jeffj2 Cabs = kImfeffg; (3.1.7)
where k = 2/ is the wavevector. The scaƩering cross-secƟon as a funcƟon of r is depicted
in ﬁgure 3.1.2 for a laser wavelength of 10.6 m. The sphere and sample are made of plaƟnum
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Figure 3.1.2.: ScaƩering cross-secƟon of a small sphere (a = 20 nm) with "p =  1450
and "s =  4679 (both taken from [120]). The wavelength is 10.6 m.
Please note that values with a distance below a are neglected as the
sphere touches the surface and the cross-secƟon has unphysically large
values.
and gold, respecƟvely. The typical non-linear distance-dependence for small distances is visi-
ble for both the perpendicular and parallel case of the calculaƟon. At a distance of a few ten
nanometers, the near-ﬁeld signal completely vanishes. The cross-secƟon in the perpendicular
case is more than a factor of 107 larger than in the parallel case. The reason for this is that the
sample response funcƟon  = 1:0004 is close to 1 and the eﬀecƟve polarizability becomes Ɵny.
FiguraƟvely speaking, the image dipole ~ps in ﬁgure 3.1.1 (b) has the exact same dipole moment
~pp and thus they cancel each other out. The overall scaƩering cross-secƟon is very small and also
the contrast of the signal close to the surface and far away from it is small. The next secƟon will
illustrate the experimental way to ﬁnd such small signals.
To this point, the shape of the Ɵp has been approximated by a sphere. To incorporate the Ɵp’s
elongated shape in the theory, the dipole model has been expanded to the so-called ﬁnite dipole
model introduced by Cvitkovic et al. [121], where the Ɵp is approximated by a spheroid with the
long axis perpendicular to the sample surface. However, the model is restricted to lengths of the
spheroid of L  /4 and is not suitable for large Ɵp sizes as supplied by Rocky Mountain Nan-
otechnology (see secƟon A.2). To invesƟgate these Ɵps’ behavior in more detail on a theoreƟcal
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Figure 3.1.3.: ModiﬁcaƟon of the dipole model in [121] for the perpendicular case. The
incident light does not only illuminate the sphere, but also the reﬂected
light is also taken into account. When the sphere is located on diﬀerent
materials the amount of reﬂected light can change strongly. As the sphere
is located close to the sample surface, the reﬂecƟons illuminaƟng it are
located very close by and hence do not annihilate the sub-diﬀracƟon res-
oluƟon.
level, a numerical simulaƟon is a suitable choice and performed in secƟon 3.4.
In her model, Cvitkovic also takes the sample reﬂecƟvity into account, as it has been discussed
by others, e. g. [122]. Experimentally it is impossible to illuminate the probe without illuminaƟng
the sample beyond the Ɵp. The reﬂected beam will contribute to the eﬀecƟve ﬁeld at the probe
(see ﬁgure 3.1.3). When scanning diﬀerent sample areas, the amount of reﬂected light needs to
be taken into account via the Fresnel coeﬃcients of the invesƟgated sample. Here, the eﬀecƟve
probe polarizability is given by
eff;rn =
(1 + rn)
2
1  
16r3
(3.1.8)
for the perpendicular case, where rn is the Fresnel coeﬃcient of the sample. The same argu-
ments apply for the parallel case. Note that the sub-diﬀracƟon resoluƟon is not compromised by
this reﬂecƟon as the Ɵp is only a few ten nanometers above the sample surface in an s-SNOM
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experiment. Hence, the reﬂecƟon contribuƟng to the eﬀecƟve ﬁeld at the sphere is laterally only
few ten nanometers apart from the sphere.
3.2. Detection and Demodulation
As discussed above, scaƩering cross-secƟons in near-ﬁeld microscopy are small, compared to far-
ﬁeld experiments they are Ɵny. This fact is an obstacle on its own. AddiƟonally, most of the
illuminaƟng radiaƟon is not even contribuƟng to the near-ﬁeld interacƟon at all. Whenever a
light, infrared or THz source is uƟlized to illuminate a Ɵp for a near-ﬁeld experiment, its focus will
be much larger than the Ɵp apex and hence create a large area of intense radiaƟon around the
Ɵp. The area at the Ɵp end which actually contributes to the near-ﬁeld interacƟon is small. This
problem worsens for larger wavelengths, as the focus size increases due to diﬀracƟon and the
radiaƟon density at the Ɵp end decreases. UlƟmately, a much larger amount of far-ﬁeld radiaƟon
is scaƩered directly from larger structures (e. g. the Ɵp shank and large structures on the sample)
and eventually reach the detector than the scaƩered radiaƟon from the near-ﬁeld interacƟon.
In order to deduce the Ɵny near-ﬁeld signal from these far-ﬁeld contribuƟons, the most com-
monly used technique is called higher-harmonic demodulaƟon [118, 123]. The idea is to use the
short interacƟon lengths of the near-ﬁeld as an advantage for probing these small signals. By
periodically changing the Ɵp-sample distance z = r   a, the Ɵp exhibits stronger and weaker
near-ﬁeld coupling during each oscillaƟon, hence the scaƩered signal amplitude is modulated as
well. These small changes with a disƟnct frequency can be detected with Lock-In ampliﬁers with
enormous sensiƟvity, gain and noise reducƟon. Signals in the nV range can be detected with a
dynamic reserve of 100 dB, hence the near-ﬁeld signal can be extracted from the much larger
background noise. The principles and state-of-the art of Lock-In ampliﬁers applied in this work
are well explained in [124] and will not be discussed in detail here.
Let us now assume the Ɵp oscillates with an amplitude of zosc and a frequency
 close above the
sample surface. The distance can then be expressed by
z(t) = z0 + zosc 

1 + cos(
t)

: (3.2.1)
Consequently, r(t) = z(t) + a and thus eff(t) are now Ɵme-dependend.
The overall scaƩered ﬁeld reaching the detector is now consisƟng of near-ﬁeldEnf , ﬁeld scaƩered
at the Ɵp shank Ets and background Ebg far-ﬁeld radiaƟon, while all ﬁeld scale linearly with the
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size of the incoming ﬁeld Einc. The background ﬁeld Ebg does not depend on the oscillaƟon
frequency of the Ɵp, as it is scaƩered only at parts in the setupwhich are located at ﬁxed posiƟons.
The ﬁeld can be it can now be expressed by a Fourier series
Esca(z) = Enf (z(t)) + Ets(z(t)) + Ebg = E0 + E1 cos(
t) + E2 cos(2
t) + ::: (3.2.2)
where E0 is by far the largest ﬁeld and does not depend on the Ɵme. As the detector measures
only intensiƟes, the interference of these ﬁelds leads to
Idet / const:
+

E1E2 + 2E0E1

cos(
t) +

0:5E21 + 2E0E2

cos(2
t)
+ higher harmonics: (3.2.3)
It is feasible to assume that only mixed terms with E0 are detected, as all other terms are much
smaller and can be neglected. As E0 is assumed to be constant, the change in signal strength
on the detector is originaƟng from the change in electric ﬁeld Esca. For the ﬁeld Ets scaƩered
from the Ɵp shank, the change is linear with z and thus only contribuƟng toE1. For the near-ﬁeld
contribuƟonEnf , the distance dependence is strongly non-linear (see equaƟon 3.1.5) and hence
contributes to E1, E2 and all higher harmonics. Accordingly, the detector signal demodulated at
higher harmonics of 
 leads to the near-ﬁeld informaƟon.
This technique is schemaƟcally shown in ﬁgure 3.2.1. The near-ﬁeld microscope is illustrated
in (a). The Ɵp end, shank and the sample are illuminated by a diﬀracƟon-limited focused light
source. The Ɵp is oscillaƟng close to the sample surface with a frequency 
. Light which is scat-
tered from the Ɵp shank does not exhibit near-ﬁeld interacƟons and therefore has a linear de-
pendence on the Ɵp-sample distance z (b). As discussed in chapter 3.1, the near-ﬁeld signal (c) is
strongly non-linear with z and mostly contributes on the ﬁrst few nanometers above the sample
surface. The lower row of the ﬁgure schemaƟcally shows the Fourier coeﬃcients in the frequency
domain. The far-ﬁeld (d) only has a contribuƟon at the Ɵp oscillaƟon frequency 
. The near-ﬁeld
however has components at mulƟples of 
 as well (e). When these higher harmonics are de-
tected with a Lock-In ampliﬁer, the deducƟon of the near-ﬁeld informaƟon is possible.
The detecƟon method presented above is oŌen called direct detecƟon or self-homodyne detec-
Ɵon mode as it uƟlizes the background ﬁeld Ebg to amplify the small near-ﬁeld contribuƟons. It
has the obvious disadvantage that the size of the background ﬁeld cannot be determined easily
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and the ampliﬁcaƟon is unknown. AddiƟonally, the phase relaƟon in between background ﬁeld
and near ﬁeld are unknown. In order to have a well-determined ampliﬁcaƟon and phase relaƟon,
s-SNOM can be combined with interferometric techniques. Similar to macroscopic experiments,
the disentanglement of these two opƟcal properƟes can deliver important informaƟon about the
characterisƟcs of a material, i.e. the real and imaginary part of the dielectric constant. In the
following, various techniques to deduce the amplitude and phase-informaƟon separately on the
nanoscale will be explained, namely interferometric methods and Ɵme-domain spectroscopy as
applied in this work.
In far-ﬁeld opƟcs, many of such techniques and concepts have been developed and applied for
more than a century. The most famous and widely applied one is surely the Michelson interfer-
ometer, which takes the scaƩered signal from an object and correlates it to a deﬁned reference
beam. When the length of the reference beam is changed, the phase can be deduced from the
data. Recently, the technique gained public interest again when it was applied with outstanding
engineering experƟse in the LIGO collaboraƟon [125]. With their advanced Michelson interfer-
ometer, the existence of gravitaƟonal waves was proven in 2015. Their eﬀort was awarded with
a Nobel Prize in physics just two years later.
The combinaƟon of aMichelson interferometer with an s-SNOM is a well-known concept [49, 51,
126] and schemaƟcally shown in ﬁgure 3.2.2. It allows for the disentaglement of the amplitude
and phase informaƟon of the scaƩered near-ﬁeld signal. The laser source is divided in two arms
by a beamspliƩer. One arm illuminates the near-ﬁeld microscope, the other arm is reﬂected at a
mirror. The scaƩered signal from the s-SNOM and the reference beam are aligned to a detector
and interfere. To change the phase ref of the reference beam and near-ﬁeld, the reference
mirror can be moved along its opƟcal axis. This setup is usually called homodyne interferometric
detecƟon in s-SNOM.
In a homodyne interferometer, the detected intensity at the is given by
Idet(z) = jEsca(z) + Eref j2 = jEsca(z)j2 + jEref j2 + 2jEsca(z)jjEref j cos(hom) (3.2.4)
where Esca(z) is the overall ﬁeld scaƩered from the microscope (equaƟon 3.2.2), Eref is the
ﬁeld from the reference arm of the interferometer and hom = ref   sca is the opƟcal phase
diﬀerence at the detector. When higher-harmonic demodulaƟon is applied, similar assumpƟons
as in equaƟon 3.2.3 can bemade. jEref j2 does not depend on the Ɵp-sample distance andwill not
be detected via Lock-In demodulaƟon. jEsca(z)j is small compared to jEref j, thus only the mixed
term 2jEsca(z)jjEref j cos()will be detected. Here, similar to the self-homodyne case discussed
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Ets Enf 
z z 
Ωt 
s-SNOM far-field near-field 
sample 
Ω Ω 2Ω 3Ω 
(a) (b) (c) 
(d) (e) 
2Ω 3Ω 
Figure 3.2.1.: SchemaƟc illustraƟon of higher-harmonic-demodulaƟon: (a) the near-
ﬁeld microscope is working in tapping or non-contact mode with an os-
cillaƟon frequency 
. (b) Far-ﬁeld reﬂecƟons, e. g. from the Ɵp shank
have a linear dependence with the distance z. Hence, the spectrum of the
detected signal (d) has only one Fourier coeﬃcient at 
. The near-ﬁeld
(c), however, is strongly non-linear with the distance z and consequently
also carries higher harmonics at mulƟples of 
.
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Ωt 
sample 
Figure 3.2.2.: Homodyne detecƟon setup. A Michelson interferometer is combined with
s-SNOM. A laser beam is divided by a beamspliƩer. One half reﬂected by
the reference mirror, the other half is used to illuminate the s-SNOM. The
backscaƩered near-ﬁeld signal and the reference beam are interfering at
the detector.
above, higher-harmonic demodulaƟon will extract the near-ﬁeld informaƟon for 2
 and higher.
The advantages of this method are the are ﬁrstly the mulƟplicaƟon of the near-ﬁeld with a well
deﬁned reference. This leads to a known, constant, controlloable and ulƟmately much larger
signal ampliﬁcaƟon. Secondly, the phase informaƟon is encoded in the signal. By changing the
reference arm length, the near-ﬁeld amplitude A and phase  can then be obtained. In general,
two measurements with diﬀerent reference phase seƫngs are suﬃcient to correctly extract this
informaƟon. Let us assume that two measurements of the scaƩered intensity I1 and I2 with a
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reference phase shiŌ of /2 are performed. The measured intensiƟes are then
I1 = 2jEsca(z)jjEref j cos(ref   sca);
I2 = 2jEsca(z)jjEref j sin(ref   sca);
! A2 = I21 + I22 = 4jEsca(z)j2jEref j2;
A =
q
I21 + I
2
2 = 2jEsca(z)j  jEref j: (3.2.5)
Please note that higher-harmonic demodulaƟon will again suppress far-ﬁeld contribuƟons to the
signal and A is directly proporƟonal to the near-ﬁeld amplitude. To determine the phase, simple
calculaƟons have to be performed:
I2/I1 = sin(ref   sca)/ cos(ref   sca)
= tan(ref   sca) = tan(hom);
! hom = arctan(I2/I1): (3.2.6)
Higher-harmonic demodulaƟon will suppress the inﬂuence of any far-ﬁeld phase fromEsca in the
experiment and deduce opƟcal phase in between the scaƩered near-ﬁeld signal and the reference
beam.
Although successfully performed by e. g. Taubner et al. [49], the experimental implementaƟon of
homodyne interferometry is challenging as the shiŌ by /2, which corresponds to a displacement
of the reference mirror by /8, must be exact and constant. Otherwise the equaƟons 3.2.5 and
3.2.6 do not apply anymore. In a typical scanning Ɵme of several minutes, thermal driŌs will
lead to unstable opƟcal path lengths and consequently unstable phases - the reason for the rare
applicaƟon of this technique.
To tackle these problems, two methods can be applied, both using oscillaƟng reference mirrors.
Firstly, a p-i control loop can be added to the setup, keeping the measured amplitude at the max-
imum at one selected harmonic by adding a constant phase to ref [126]. Here, much smaller
and arbitrary oscillaƟon amplitudes can be applied, but the method sƟll aﬀected by driŌs. This
also halves the measurement Ɵme compared to Taubner’s method. The second method is the
so-called pseudo-heterodyne detecƟon [51] which is patented by the company Neaspec. The
oscillaƟon amplitude is 0.21 , inducing sidebands to the higher harmonics. It is phase-stable
and not eﬀected by driŌs, can in principle be adapted for any wavelength, but need large oscil-
laƟons amplitudes of the reference mirror. For large wavelengths, this can be very challenging.
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It is mathemaƟcally much more complex but nowadays the most commonly applied method in
s-SNOM simply due to the fact that the NeaSNOM is the most widely distributed commercial
instrument for s-SNOM.
Another approach is the heterodyne detecƟonmethod. Here, the opƟcal frequency of the refer-
ence arm is changed typically with a acousto-opƟcal modulators (AOM) [50], leading to a beaƟng
signal at the detector which can be used to separate the near-ﬁeld amplitude and phase. Al-
though the method is very stable against thermal driŌs, the lack of acousto-opƟcal modulators
for many wavelengths and especially in the THz regime makes this approach unsuitable for many
applicaƟons and is nowadays rarely used in s-SNOM. The detecƟon scheme has recently been
used for THz s-SNOM with a fully electronic radiaƟon source [48].
In the THz region, homodyne and heterodyne detecƟon have successfully been applied [15, 48]
with cw sources. Mostly, THz radiaƟon is generatedwith electro-opƟc crystals or photo-conducƟve
antennas and hence very broadband. Here, Ɵme-domain spectroscopy (TDS) is applied to detect
the scaƩered radiaƟon and delivers in situ electric ﬁeld and phase informaƟon of the scaƩered
signals, as described in secƟon 2.4. Typically, the Ɵme-domain spectroscopy setup is aligned using
the direct reﬂecƟon of the THz beam from the sample, before the Ɵp is placed at the focus posi-
Ɵon. When the Ɵp is oscillaƟng above the sample surface, the near-ﬁeld is modulated and hence
the overall ﬁeld at the electro-opƟc crystal is modulated as well. To demodulate the near-ﬁeld
signal, the demodulaƟon frequency at the Lock-In ampliﬁer has to be changed from the chopper’s
freuquency to 
, 2
, : : : in order to easily extract the full near-ﬁeld near-ﬁeld informaƟon. This
was ﬁrst demonstrated by von Ribbeck [54] in 2008 and signiﬁcantly improved in sensiƟvity by
Moon [55, 56] in 2012 and 2015. This setup is described in more detail in secƟon 4.3, where THz
TDS s-SNOM is applied.
3.3. Pump-induced Sidebands in SNOM
In secƟon 3.1 the permiƫvity "s is assumed to be constant during all Ɵmes. This is true for many
near-ﬁeld experiments, but does not apply to pump-probe experiments, where the sample prop-
erƟes are changed periodically with a short pulse pump laser. This secƟon will discuss the impact
of a non-constant sample permiƫvity. Experimentally, this is most commonly performed with
two diﬀerent types of pulsed laser sources:
1. Either with a laser oscillator where the repeƟƟon rate is deﬁned through the laser cavity
length and the Ɵme of a round-trip of the laser pulse inside it. A typical repeƟƟon rate is
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80 MHz.
2. Or with a regeneraƟve laser ampliﬁer storing and amplifying the laser energy in the cavity
before releasing the whole strong pulse at once via a pockels cell. Here, the repeƟƟon rate
is much smaller but can in general be chosen arbitrarily. Usually this lies in the range of
several Hz to hundred kHz.
The former case does not eﬀect the thoughts of the previous secƟon. The repeƟƟon rate of 80
MHz is much higher than the modulaƟon frequencies of an s-SNOM. Also, the detector speed
is usually too slow to directly detect such high frequencies. In the laƩer case, the repeƟƟon
rate of the pulsed laser can be much lower than the modulaƟon frequencies in s-SNOM, which
has serious consequences on the s-SNOM theory and especially the demodulaƟon technique in
parƟcular. In this secƟon, not only the induced changes are discussed, but we also present how
it is possible to take advantage of this modiﬁcaƟon.
Assuming the s-SNOM system now exhibits twomodulaƟons (of the Ɵp-sample distance z(t) and
the change of the sample permiƫvity "s(t)), so-called amplitude modulaƟon will be discussed in
general, before the conclusions will be adapted to s-SNOM theory.
Let us assume a high frequency carrier signal u1 = U1 cos(f1t), where U1 is changed via an ad-
diƟon of a low frequency and small modulaƟon signal u2 = U2 cos(f2t), with f1  f2. The
amplitude modulated signal is then given by
uam =

U1 + U2 cos(f2t)

 cos(f1t)
= U1 cos(f1t) + U2 cos(f2t)  cos(f1t)
= U1 cos(f1t) +
U2
2

cos((f1   f2)t) + cos((f1 + f2)t)

(3.3.1)
with f1  f2. EquaƟon 3.3.1 clearly shows that the signal now consists of components at three
diﬀerent frequencies namely f1, f1 + f2 and f1   f2, where the component at f1 is the largest.
This theory will now be applied to the basic s-SNOM theory of secƟon 3.1. As shown in equaƟon
3.2.2, the scaƩered signal can be expressed as
Esca(z) = E0 + E1 cos(
t) + E2 cos(
t) + ::: (3.3.2)
Let us for a moment assume the Ɵp-sample distance is not modulated, but instead the permet-
Ɵvity of the sample "s is periodically changed with a frequency fp. Hence,  = ("s   1)/("s + 1)
61
3. SNOM-Theory
is also modulated with fp. Depending on the value of fp in the ground state and the strength of
the modulaƟon, beta can have very diﬀerent shapes. In general, it can be wriƩen by the Fourier
series
(t) = 0 + 1 cos(fpt) + 2 cos(2fpt) + ::: (3.3.3)
That means (t)will change the eﬀecƟve polarizability of the system, the scaƩering cross-secƟon
and thus also the scaƩered electric ﬁeld (equaƟon 3.2.2) with the Ɵme t. Due to the non-linearity
and asymmetry in  of the polarizability of the the system (see equaƟon 3.1.5), the scaƩering
cross-secƟon will contain all frequency components of  (e. g. fp, 2fp, 3fp, : : :). Hence, the
overall scaƩered ﬁeld (including the modulaƟons arising from 
 and fp) will now be modulated
Esca(z) = E0 + E

0 +

E1 + E

1 (t)

cos(
t) +

E2 + E

2 (t)

cos(2
t)| {z }
= 2
+ : : : ; (3.3.4)
where each Ɵme-dependend En(t) component will carry frequency components of fp, 2fp and
so on. The corresponding ﬁelds will be labelled by En;m. If we now look at 2 and apply the
amplitude modulaƟon from equaƟon 3.3.1 this leads to
2 =

E2 +
X
m
E2;m(t)

cos(2
t)
=

E2 + E

2;1 cos(fp) + E2;2 cos(2fp) + E2;3 cos(3fp) + : : :

cos(2
t)
=E2 cos(2
t)
+
E2;1
2

cos((2
  fp)t) + cos((2
 + fp)t)

+
E2;2
2

cos((2
  2fp)t) + cos((2
 + 2fp)t)

+
E2;3
2

cos((2
  3fp)t) + cos((2
 + 3fp)t)

(3.3.5)
+ : : :
We can now show that the scaƩered ﬁeld of a system with periodic change of "s will in general
lead to sidebands with distancesmfp around the frequencies of the higher harmonics n
. Please
note, the shape and origin of the periodic change were not deﬁned in this discussion and will
drasƟcally change the prefactors m and consequentlyEn;m. For example, it can be a short pulse
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laser source as in an opƟcal pump-probe experiment or a sinusoidal change of an applied bias
voltage at the sample. CalculaƟng these prefactors is in general straight forward. However, for the
comparison to a to a real experiment such as the pump-probe experiment performed in secƟon
5.1, one would need a number of parameters with much higher accuracy (e. g., pump ﬂuence,
carrier lifeƟme, ﬁeld enhancement of the pump by the Ɵp, ...). The fourier transformaƟon for a
realisƟc case was calculated twice, once with a numeric approach starƟng from the dipole model
and a secondƟme fromaCOMSOL simulaƟon comparable to the simulaƟons performed in secƟon
3.4.3. For both cases, the numerical fourier transformaƟon suﬀered from numerical arƟfacts
making a quanƟtaƟve analysis impossible.
The system becomes even more complex when the sample reﬂecƟvity is taken into account (see
equaƟon 3.1.8). In this case, not only  is a funcƟon of fp and its higher harmonics, but also rn.
The scaƩering cross-secƟon now depends on several funcƟons with the parameters 
 and fp
eff =
(1 + rn)
2
1  
16r3
; (3.3.6)
where the bold symbols indicate the Ɵme dependent quanƟƟes. rn(fp; t) is the Ɵme-dependent
change of the Fresnel coeﬃcient, (fp; t) represents the Ɵme-dependent near-ﬁeld coupling of
Ɵp and sample, and r(
; t) = z(
; t)  a is the Ɵme-dependent Ɵp-sample distance. When this
is implemented in equaƟon 3.3.5, addiƟonal ﬁelds Ern2;m will contribute to 2:
2 =

E2 +
X
m
E2;m(t) + E
rn
2;m(t)

cos(2
t)
=

E2 + E

2;1 cos(fp) + E2;2 cos(2fp) + E2;3 cos(3fp) + : : :
+ Ern2;1 cos(fp) + Ern2;2 cos(2fp) + Ern2;3 cos(3fp) + : : :

cos(2
t) (3.3.7)
These addiƟonal ﬁelds are changing the overall amplitudes of the harmonics and sidebands. How-
ever, as these addiƟonal prefactors have their origin in the reﬂecƟon directly beyond the Ɵp, they
will not compromise the sub-diﬀracƟon resoluƟon of this method.
A schemaƟc illustraƟon of the frequency spectrum of an amplitude-modulated s-SNOM experi-
ment is shown in ﬁgure 3.3.1. A pulsed pump laser (green) is introduced in (a), leading to side-
bands in the far-ﬁeld (b) and near-ﬁeld signatures (b) with a distance of m  fp to the higher
harmonics. Here, only sidebands up tom = 3 are shown due to simplicity.
Experimentally, the direct detecƟon of the sidebands can be exploited for a vastly increased sensi-
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Figure 3.3.1.: SchemaƟc illustraƟon of amplitude-modulated s-SNOM: (a) the near-ﬁeld
microscope is complemented with a pulsed pump laser with the repeƟƟon
rate rp. (b) The far-ﬁeld signal now has sidebands with the distances of
m  fp to the 
-peak. The same behavior is depicted for the near-ﬁeld in
(c) for the higher harmonics of 
.
Ɵvity to changes of the sample properƟes. When the scaƩering cross-secƟon is calculated for typ-
ical sample permeƫviƟes "s (e. g. semiconductor, gold) in the mid-infrared regime, the changes
are relaƟvely small. A few values are given in table 3.1. For a germanium sample in the ground
state, the cross-secƟon is 2:31  10 22 m 2, for a gold sample it is 3:49  10 22 m 2. When the ger-
manium sample is excited with a strong pump laser as described in secƟon 2.1, the permiƫvity
can easily reach "s =  100 for a probing laser wavelength of 10.6 m. However, due to carrier
lifeƟmes on the range of few tens [20], the germaniumwill relax to the ground state in 100s.
Directly aŌer the pump pulse, the cross-secƟon is only 12% larger than the cross-secƟon of the
ground state. However, when the permiƫvity passes the resonant regime of "s =  1 : : :   5,
the scaƩering cross secƟon rises strongly (e. g. 1:15  10 21 m 2 for "s =  3). For a strongly
resonant system (" =  1:5 + 1:2i), the cross-secƟon can become an order of magnitude larger
than the ground state’s value. The Ɵme period where the cross secƟon is actually enlarged can
be esƟmated by roughly the double of the decay Ɵme [127] and is in this case few ten s. Due to
this fact and a typical repeƟƟon rate of only 1 kHz, the duty cycle of this pump-probe system is
only a few percent and the Ɵme-averaged change of the signal is too low to be detected with the
sensiƟvity of a typical s-SNOM.
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"s Cperp[m
 2] sample type
 4679:9 + 1674:5i 3:49  10 22 gold [128]
16 2:31  10 22 germanium [128]
 1:5 + 1:2i 1:15  10 21 strongly resonant system
 100 + 3:5i 3:74  10 22 germanium aŌer pump
Table 3.1.: ScaƩering cross-secƟon for the dipole model at a distance of 25 nm for dif-
ferent sample permeƫviƟes. The wavelength is 10.6 m and the Ɵp is made
of plaƟnum ("p =  1450) with a radius of 20 nm.
In contrast, if the sidebands are detected directly, the pump-induced changes can easily be de-
tected [47, 127]. Without a periodic excitaƟon, sidebands are non-existent. TheoreƟcally, the
contrast in between the pumped and unpumped system is inﬁnitely high. In a real experiment,
the noise ﬂoor of the detecƟon method limits the contrast to  95 % [47] which is sƟll an ex-
tremely large value for a s-SNOM experiment. In secƟon 5.1, a two-Lock-In detecƟon method is
described and applied to directly deduce the sideband signal in the experiment.
In a pump-probe experiment, the change of sample properƟes can also induce macroscopic arƟ-
facts in the measurement. When the sample properƟes are changed on a macroscopic scale due
to the diﬀracƟon limited pump laser pulse, the background ﬁeld E0 can also exhibit an unknown
periodic change due to changed reﬂecƟon on the sample surface. The strength of the reﬂecƟon
is determined by the Fresnel coeﬃcients, which are non-linear funcƟons of the refracƟve index.
AddiƟonally, the refracƟve index exhibits a non-linear change when the Drude model for semi-
conductors is applied (secƟon 2.1). Following the previous concept E0 is then a funcƟon of
E0

rn(t)

= E00 + E
1
0(fp) + E
2
0(2fp) + : : : (3.3.8)
which will consequently induce sidebands. As E0 is the largest ﬁeld contribuƟng to the detected
signal, one can assume that this will cause sidebands in equaƟon 3.2.3with extremely large ampli-
tudes. AsE0 is a macroscopic quanƟƟy, this arƟfact will undermine the sub-diﬀracƟon resoluƟon
and must be handled carefully. To minimize it, the laser focus of the pump laser should be small
compared to the focus of the probe laser to make sure the overall change of the backgroud ﬁeld
reaching the detector E0 is small. In experiments with other sƟmuli (such as AC bias voltages,
temperature jumps, ...), the excited area should be much smaller than the probe laser focus as
well. In addiƟon, it should always be checked if the sideband signal vanishes on a material which
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cannot be excited by the pump laser (e. g., a dirt parƟcle or a small gold reference patch on the
invesƟgated sample) and if the sideband signal shows contrast with sub-diﬀracƟon resoluƟon.
Despite the challenges arising from arƟfacts as described above, this technique has successfully
been applied in this work. The results are presented in secƟon 5.1.
3.4. Field Enhancement by Resonant Probes
The analyƟc descripƟon of s-SNOM oﬀers many insights into the fundamentals of such a model
system, however the predicted scaƩering cross-secƟons are much smaller than the ﬁndings in
an actual experiment. In the seminal paper by Knoll and Keilmann [118] they ﬁnd the detected
power in the experiment to be four to ﬁvemagnitudes larger than the predicƟons by their model.
Already at this point, they correctly aƩributed this to the antenna eﬀect of the Ɵp (oŌen referred
to by ”lightning rod eﬀect”). Without this eﬀect, the detecƟon of the small near-ﬁeld signatures
in s-SNOM would be impossible.
The ﬁeld enhancement has been invesƟgated in numerous studies so far [15, 80, 88, 129–131]
and depending on the geometry, wavelength andmaterial the calculated enhancement is ranging
from below 10 [129] up to 25000 [131]. One study invesƟgaƟng the enhancement in the THz
range used the geometry of a self-assembled Ɵp system leading to ﬁeld enhancements of 3500
[88]. Unfortunately, the assembly of this Ɵp costs a lot of eﬀort and is not commercially available.
Another theoreƟcal study used an excessively long and thin wire [131] leading to unrealisƟc high
values of the ﬁeld enhancement with a factor of more than 25000. In a real experiment, this large
ﬁeld would instantly damage the Ɵps’ apex.
For the THz near-ﬁeld experiments performed in secƟon4.3 a commercially available RockyMoun-
tain Nanotechnology Ɵp [132] was chosen. The Ɵp’s properƟes for the applicaƟon in s-SNOM are
discussed in secƟon A.2 in general . Due to its geometry with a Ɵp shank length of 80 m a strong
ﬁeld enhancement in the THz regime is expected, an antenna eﬀect which is invesƟgated with a
numerical simulaƟon. In this secƟon, numerical simulaƟons of the ﬁeld enhancement are per-
formed for diﬀerent Ɵp geometries with COMSOLMulƟphysics 1 with a ﬁnite-element-method in
the frequency domain. The model was developed by Lisa Ortmann in her master thesis [133] for
the same geometry used in the dipole model and adapted by the author for other Ɵp geometries.
The main features of the model are explained in this secƟon. For a more detailed discussion see
[133], the COMSOL general introducƟon [134] and thewave opƟcs package documentaƟon [135].
1version 5.3, www.comsol.com
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Figure 3.4.1.: Field enhancement in s-SNOM: (a) Sketch of the 2D COMSOL simulaƟon
geometry (not to scale). The Ɵp is located 5 nm above the sample surface
in air. The Ɵp-sample system is surrounded by perfectly matched layers
(orange) to avoid interference. The incident ﬁeld is injected via an input
port (red) and can exit the simulaƟon via the output port (blue). The green
lines mark two planes with a periodic boundary condiƟon. The calculated
ﬁeld enhancement is shown in (b). SimulaƟon with 300 m wavelength.
The strongest ﬁeld is located in between sphere and sample and is a fac-
tor of 3.5 larger than the incident ﬁeld. The sphere also shows a ﬁeld
enhancement at the top. The slightly asymmetric behaviour is a result of
the 60 degree incident angle of the light.
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The scaƩerer is located ﬁve nm above the sample surface and is either a sphere or a hemiellipsoid
with a height of 10 or 80 m. All three geometries have an apex radius of 10 nm. A rectangular
geometry around the scaƩerer is used to implement periodic boundary condiƟons and to avoid
unwanted interference eﬀects due the ﬁnite size of the simulaƟon. A sketch of the simulaƟon
geometry is shown in ﬁgure 3.4.1 (a). All materials are isotropic jusƟfying a 2D simulaƟon instead
of a Ɵme-consuming 3D calculaƟon. The sphere has a radius of 50 nm and is made of plaƟnum
with a strongly negaƟve permiƫvity. As the samplematerial, germaniumwith " = 16was chosen.
Sphere and sample are located inside a rectangle assembled out of an input and output port and
two layers with a periodic boundary condiƟon. The input port injects a plane wave with an angle
of 60 degree with p-polarizaƟon. The output port ensures that no reﬂecƟon is going back into
the system which would cause an inﬁnite amount of energy stored in the model. The periodic
boundary condiƟon allows for the virtual calculaƟon of an inﬁnite space. The perfectly matched
layers (PML) suppress any reﬂecƟon of the waves at the outer edges of the model and hence
eliminate arƟfacts arising from the ﬁnite model size. Please note that the PML size is changing
with the wavelength. For the calculaƟon, the mesh size is chosen to an equally spaced quadraƟc
mesh in the PML. In the sample, the mesh is automaƟcally conceived by the COMSOL soŌware
with a minimum element size of 1 nm. For the region of the sphere and the air, the mininum
element size is 0.1 nm.
The result of a simulaƟon with a wavelength of 300 m b= 1 THz is shown in ﬁgure 3.4.1 (b). The
strongest ﬁeld enhancement of 3.5 is reached directly in between sphere and sample. The sphere
also shows an increased electric ﬁeld at its top  2:5 and a reduced ﬁeld at its side. The slightly
asymmetric behavior is a result of the 60 degree input angle of the incident ﬁeld. The areas of low
ﬁeld are mostly determined by this angle. Nonetheless, the area of strongest ﬁeld enhancement
is only slightly inﬂuenced by the angle and depends much stronger on the chosen geometry.
More realisƟc geometries were chosen for the simulaƟon presented in ﬁgure 3.4.2. Here, the
sphere was replaced with a hemi-ellipsoid with a length L of either 10 or 80 m in simulaƟon (a)
and (b) respecƟvely to take the height of diﬀerent Ɵp types into account. They represent either
a Nanosensors PPP-NCLPt (10 m, named PPP in the follwing) or a Rocky Mountain Nanotech-
nology 25PT300B (80 m, named RMN) Ɵp. The shorter semi-axis is chosen to a value that both
geometries have the same apex radius of  10 nm, a realisƟc value for a new Ɵp. At the upper
end of the Ɵp, the edges of the hemi-ellipsoid were rounded to avoid arƟfacts in the simulaƟon.
The wavelength is 300 m b= 1 THz. The ﬁeld enhancement of the PPP Ɵp reaches a value of
 250, whereas the RMN Ɵp produces an enhancement of 530 due to its larger long axis and
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Figure 3.4.2.: Field enhancement with enlarged near-ﬁeld probes: For a hemiellipsoid
with 10 m height (a), the ﬁeld enhancement reaches up top 250. For a
height of 80 m the enhancement is 530.
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beƩer coupling to longer wavelengths. Also the lateral size of the ﬁeld enhancement is slightly
larger with the laƩer Ɵp. The inﬂuence of the 60 degree incident angle is not visible in the ﬁeld
distribuƟon, which is determined completely by the long axis of the Ɵp.
To determine the enhancement eﬃciency for a large wavelength range the simulaƟons shown in
3.4.1 and 3.4.2 were repeated for a number of wavelengths covering the whole range from the
far-infrared down to low THz radiaƟon. In each soluƟon the largest value was determined with
COMSOL. The results are depicted in ﬁgure 3.4.3.
The ﬁeld enhancement for the sphere is 3.81 for all wavelengths from 5 to 300 m. Only at the
highest value, the enhancement is slightly larger with 3.84. Here, the simulaƟon is much larger
due to the increased PML thickness and the change of enhancement is probably a numerical
arƟfact.
The behavior is completely diﬀerent for the PPP and the RMN Ɵp. For this geometry, the en-
hancement is already more than 20 for a wavelength of 5 m. The PPP Ɵp shows a overall rising
trend for larger wavelengths and a resonance at 15 - 16 m. The posiƟon of the peak is in the
same range as reported in [131] and is aƩributed to the ﬁrst eigenmode of the long axis of the Ɵp.
For an ideal antenna illuminated under an angle of 60 degree without a sample, the ﬁrst eigen-
mode is found at  = 2  L sin(60°) , L/  0:6. In the simulaƟon it is found at L/  0:63
and in good agreement with the theoreƟcal value. The ﬁeld enhancement reaches values of up
to 290 for  =750m. The enhancement seems to reach a plateau of 250 for values up to 300
m and is rising again for larger wavelengths.
For the RMN Ɵp, the simulaƟon is much larger due to the eight Ɵmes larger Ɵp size which strongly
increases the mesh size and the calculaƟon Ɵme. Due to the scalability of the problem, the same
behaviour, is expected from the simulaƟon, but simply shiŌed to longer wavelengths. However,
the results seem to be less stable with more variaƟon in the ﬁeld enhancement compared to the
smaller PPP Ɵp. The ﬁeld enhancement is slightly lower for small wavelengths. For wavelengths
larger than 17.5 m, the enhancement with the RMN Ɵp is in general larger than for the PPP Ɵp
and reaches values of more than 1200 for  = 750 m. Despite lower stability, the resonance
peak at  = L/0:61  130 m is sƟll visible for this Ɵp as well.
The simulaƟon shows that the dipole model is not suﬃcient to quanƟtaƟvely describe a s-SNOM
system, in parƟcular not at long wavelengths. The enhanced model by Cvitkovic et al. for elon-
gated Ɵp shapes is limited to L  /4 and cannot be used at this point. The ﬁeld enhancement
is very strong for geometries which are approximaƟng the Ɵps shape in a much more realisƟc
way. At the longest wavelengths, the diﬀerence in between the sphere and the RMN Ɵp is more
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Figure 3.4.3.: Field enhancement at diﬀerent wavelengths. The sphere (black) shows
no wavelength dependence. The PPP (blue) and RMN (red) Ɵp show ris-
ing ﬁeld enhancement for larger wavelengths. The long axis geometric
resonance is visible at16 m and130 m, respecƟvely.
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than a factor of 300. Hence, the detected near-ﬁeld signal of a sphere in a real experiment would
simply perish in the noise level. The simulaƟon also jusƟﬁes the applicaƟon of the RMN Ɵp for
a THz near-ﬁeld experiment despite its weaker performance as a non-contact AFM Ɵp (compare
secƟon A.2). Although the commercially available RMN Ɵps have been successfully uƟlized for
scanning microwave microscopy (SMM) for several years now [136–138], the Ɵp is barely applied
for s-SNOM. To the best of the author’s knowledge, the ﬁrst applicaƟon was performed during
this work in 2017. Recently, a ﬁrst report by Keilmann and Hillenbrand [48] was published where
the Ɵp was applied for s-SNOM in the range of  =400-600 m.
72
4. Near-Field Microscope Setups
Any sufficiently advanced technology is indistinguishable from
magic.
(Arthur C. Clarke)
This chapter features the near-ﬁeld microscopy setups uƟlized in this work. The fundament of the
s-SNOM are the self-built non-contact AFMs described in the appendix (A.2). The narrow-band
THz setup is located at the free-electron laser FELBE at Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) and is described ﬁrst. It has been used for the invesƟgaƟon of graphene ﬁeld-eﬀect transis-
tors (see secƟon 6). The second setup is staƟoned at the TELBE beamline at the same accelerator
facility. It has been employed for sideband measuremements with a CO2 laser and reassembled
for the combinaƟon with a Ɵme-domain spectroscopy invesƟgaƟons in the low THz regime.
4.1. FELBE THz SNOM
The setup at the free-electron laser FELBE features a self-built AFM as described in the appendix
A.2, however some details of the canƟlever defelcƟon readout are unique compared to this setup.
The AFM is connected to the commercial controller1 with a self-built four-channel second stage
preampliﬁer2 before it is processed via a four-channel interface3 and fed into the controller. The
setup features reliable performance for many AFM measurement types (as described in the ap-
pendix A.2).
All opƟcal elements in the setup must be non-dispersive to unƟlize the setup in the enormous
wavelength range FELBE can deliver ( =5 - 230 m). Hence, only metal-coated reﬂecƟng opƟcal
1RHK Technology Inc., R9
2SpeciﬁcaƟon are listed in A.2.
3RHK Technology Inc., PSD interface
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elements are employed. The size of the elements is 2 inches as the FEL can easily reach such
diameters. The setup is shown schemaƟcally in ﬁgure 4.1.1 and includes a visible alignment laser
and a CO2 laser for pre-examinaƟon to save precious Ɵme during FEL shiŌs. They can be coupled
in via magneƟcally mounted mirrors and are directed through two apertures to make sure the
beams are collinear. The alignment laser can be aligned by eye, for the invisible lasers, a 1 cm2
512x512 pixel pyroelectric sensor4 is applied. The CO2 laser and FEL have a polarisaƟon parallel
to the opƟcal table when entering the setup (s-pol.). It can be changed via a set of ﬂip mirrors
by 90 degree. The whole setup can be ﬂooded with nitrogen gas to avoid absorpƟon of the free-
electron laser due to water vapor at ambient condiƟons.
AŌerwards, the beam is split up into two equal parts with a geometrical beam-spliƩer, i.e. a
gold-coated silicon wafer with a sharp edge produced with a water jet cuƩer. This unconven-
Ɵonal beamspliƩer is chosen due to the lack of an aﬀordable non-dispersive cubic or thin ﬁlm
beam-spliƩer. The only material known to cover this extremely large regime with a spectrally ﬂat
response in transmission is diamond and simply too expensive in the large size of 2 inch needed for
the setup. Moreover, unwanted interferences of the FEL can occur in a thin ﬁlm beamspliƩer. As
a consequence of the geometrical beamspliƩer, the focus of the parabolic mirror at the s-SNOM
is less well deﬁned due to a smaller numerical aperture. Due to a focusing angle of roughly 35 de-
grees to the sample surface, the focus will contain both p- and s-polarized components when the
incident polarizaƟon is solely p- or s-polarized. This can be compensated by changing the incident
polarizaƟon to an angle in between zero and 90 degree. This procedure is Ɵme-consuming and
has not been performed in this work. The usual spliƫng raƟo is 50:50, but can be changed with a
micrometer screw by shiŌing the posiƟon of the beam-spliƩer in the direcƟon of the plane where
no realignment of the setup is necessary. In some cases, the deliberate change of the raƟo can be
desirable, i.e., when especially low powers at the sample are required and most of the scaƩered
near-ﬁeld signal shall be collected. In this work, the signal-to-noise raƟo needed to be as good as
possible, which was found for a raƟo change towards higher values in the direcƟon of the Ɵp. A
possible explanaƟon is a beƩer focusing and hence less scaƩering of the FEL at larger structures
of the sample and/or AFM, which will eventually also reach the detector and create noise in the
signal.
The beam is focused on the metallized Ɵp with a parabolic mirror5. For best focussaƟon and col-
lecƟon of the scaƩered light, it can be moved in three dimensions via a nanoposiƟoning system6.
4Ophir Optronics SoluƟons, Inc., Spricon Pyrocam III
590 degree oﬀ-axis parabolic mirror, eﬀecƟve focal length 7.5 cm.
6mechOnics ag, MS30, 50 nm precision, closed loop.
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Figure 4.1.1.: Setup at the free-electron laser FELBE: the diﬀerent laser sources can be
coupled in via magneƟc mounted mirrors to allow for fast switching with
good reposiƟoning of the mirrors during experiments. AŌer the alignment
through two apertures, only the FEL (blue) is shown in the drawing. The
near-ﬁeld microscope is shown in more detail. A beamspliƩer (bs) cuts the
beam into two parts to illuminate the AFM Ɵp and to measure the power
at a powermeter. The back-scaƩered light is detected in the third arm of
the setup.
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With a home-made LabView soŌware7, six posiƟons can be saved and addressed e. g. for diﬀer-
ent laser sources and polarisaƟons. The second part of the beam is directed into a powermeter to
record the incident power at all Ɵmes. A MCT detector8 is applied to detect the CO2 laser, other
models are available for the wavelength range frommid-IR up to  = 28 m. For the detecƟon of
longer wavelengths from  32 m , a LHe cooled detecƟon system is applied9. For wavelengths
up to 100 m a Ge:Ga photodetector is uƟlized, for longer wavelenghts up to the mm-range, an
InSb superconducƟng bolometer is used. Both entraces have polyethylene windows with metal-
meshed ﬁlters to cut oﬀ undetectable wavelength which would only enlarge the heat impact in
the cryostat from the outside. A free-standing wire grid polarizer can be put in front of the de-
tector to analyze the polarisaƟon of the scaƩered light or to detect a certain polarizaƟon of it. All
detectors systems in the setup measure AC signals only and have a bandwidth up to 1MHz which
is required for the detecƟon of s-SNOM signals. Their signals are fed into the AFM controller to
record the scaƩered near-ﬁeld signal.
As described in appendix A.2, a gold sample is typically chosen to align the setup before the sam-
ple of interest is invesƟgated. In ﬁgure 4.1.2, the near-ﬁeld decay on a gold sample measured
with the FEL at  =150 m is shown for a Nanosensors PPP-NCLPt Ɵp both in linear (a) and log-
arithmic (b) scale for best visibility. Here, s-polarized illuminaƟon was chosen and a p-polarized
ﬁlter was in front of the InSb detector to collect only the p-polarized scaƩered ﬁeld and to sup-
press background noise [139]. The pulse-to-pulse stability of the FEL is not very high, thus the
noise spectrum of the FEL contains any frequency below 13MHz. If randomly scaƩered light (i.e.,
from parts of the AFM or oxygen molecules in the air) reaches the detector, it induces noise in
the detector and consequently in the SNOM signal. Although the quality of the signal is quite
remarkable already, this measurement has been performed before the setup was purged with
nitrogen, hence a further improvement of the signal is possible. InteresƟngly, the wavelength is
already long enough that the near-ﬁeld decay is visible in the ﬁrst harmonic as the demodulaƟon
technique is more eﬃcient for longer wavelengths [50]. However, the decay length is twice as
large as in the second harmonic and hence the resoluƟon of a scan will be much beƩer in the
second harmonic.
As discussed in secƟon 3.4.3, full-metal RockyMountainNanotechnologyƟps should showamuch
beƩer near-ﬁeld coupling than silicon-based Nanosensors PPP-NCLPt Ɵps. In order to compare
7SoŌware wriƩen and implemented by Hans-Georg von Ribbeck
8Teledyne Technologies Inc., J15D12-M204-S100U-60 with PA-101 ampliﬁer
9QMC Instruments Model QFI/3BI(2+Ge:Ga) in a TK1840 cryostat, a detailed manual can be found in [114]. The
sensiƟvity spectra can be found in ﬁg. 2.4.3. In this work the detector was enhanced at 2 THz.
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Figure 4.1.2.: Near-ﬁeld signal as a funcƟon of the distance on a gold sample mea-
sured at  = 150 m up to the ﬁŌh harmonic of the canƟlever oscilla-
Ɵon measured with a Nanosensors PPP-NCLPt Ɵp. The input polarizaƟon
is s-polarized, the ﬁlter passes only the p-polarized component of the scat-
tered light. The near ﬁeld can be detected with suﬃcient signal-to-noise
raƟo up to the fourth harmonic. The noise level is below 100 V at a sig-
nal level in the range of several mV for an incident power of 18 mW, a
oscillaƟon amplitude of 80 nm and a lock-in integraƟon Ɵme of 100 ms.
Please note the linear (a) and logarithmic scale (b) for best visibility. The
constant signal up to 15 nm is a consequence of a low tapping amplitude
setpoint for this measurement. The values below 15 nm can be ignored.
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Figure 4.1.3.: Near-ﬁeld signal as a funcƟon of the distance on a gold sample measured
at  = 150 m measured with a RMN Ɵp. The input polarizaƟon is s-
polarized, the ﬁlter detects the p-polarized component of the scaƩered
light. The near-ﬁeld can clearly be detected up to the third harmonic. The
noise level is in the range of 100 V at a signal level in the range of several
ten mV for an incident power of 11 mW, an oscillaƟon amplitude of 80 nm
and a lock-in integraƟon Ɵme of 100 ms. Please note the linear (a) and
logarithmic scale (b) for best visibility.
the performance, the same experiment as discussed abovewas repeatedwith a RMN25PtIr200B-
H Ɵp with a Ɵp shaŌ length of 80 m. One major diﬀerence in this experiment is the shorter
focal length of the parabolic mirror focusing the beam onto the Ɵp, which was included into the
setup for beƩer performance. With an eﬀecƟve focal length of 50 mm, the numerical aperture
increases by a factor of  1.5 compared to the 75 mm eﬀecƟve focal length mirror used with
the silicon-based Ɵp. The result is depicted in ﬁgure 4.1.3. In general, the RMN Ɵp shows a
similar decay behavior when the Ɵp-sample distance is increased. Notably, even the decay length
matches quite well for both fresh Ɵp models. The most signiﬁcant diﬀerence is the much larger
signal with the RMN Ɵp compared to the PPP Ɵps. The detected signal is much larger although
a smaller illuminaƟon power of 11 mW was applied to the setup. A more detailed comparison is
performed in the following.
Tip Performance Comparison
For a more quanƟtaƟve analysis of the Ɵps’ characterisƟcs and their performance at 2 THz on
a gold sample, the distance dependence of the near-ﬁeld is analyzed and compared for all Ɵps
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used with the free-electron laser at  =150 m in the table 4.1. The beam-spliƫng raƟo. The
data chosen for the comparison were the overall near-ﬁeld signals demodulated at the second
harmonic of the canƟlever oscillaƟon, the corresponding noise levels far away from the sample
surface, the input laser power and the numerical aperture (NA) used in the experiment. From
this values, the weighted near-ﬁeld response (WR) per input power at the Ɵp and signal-to-noise
raƟo was deduced for an overall number of eleven measured curves with fresh and used Ɵps. To
correct for the higher power density at the Ɵp apex due to the diﬀerent parabolic mirrors, we
assume the NA has to be considered with its second power as the focus diameter will scale with
the NA in its ﬁrst power. As the amount of near-ﬁeld collected by the parabolic mirror depends
on the solid angle covered by it, this has to be accounted for as well. Here we choose the NA,
although this simple assumpƟon does not consider many details of near-ﬁeld microscopy, such as
unequal near-ﬁeld emission for diﬀerent propagaƟon angles. However, as all measurementswere
performed with similar alignment and seƫngs of the setup, these assumpƟons might inﬂuence
calculated values but do not have an eﬀect on their raƟos. Overall, the WR is given by
WR = signal[mV]power[mW]  NA3 : (4.1.1)
The signal-to-noise raƟo is calculated with the basic deﬁniƟon of SNR=signal/noise.
The PPP Ɵp measurements were mostly obtained with powers in the range of several ten mW,
whereas the RMNƟps givemuch stronger signals alreadywith powers of 12 and 16mW. The signal
itself ranges below 5 mV for the PPP Ɵps and in the range of 20 mV for RMN Ɵps. The noise level
in both measurement is determined by the FEL noise itself and can drasƟcally change in between
two beamƟmes due to diﬀerent alignment and machine parameters. On the one hand, the FEL
noise will directly couple into the scaƩered near-ﬁeld signal and into the background ﬁeld E0,
as any ﬂuctuaƟon of the power density at the Ɵp will change the near-ﬁeld coupling eﬃciency.
However, this should scale linearly with the near-ﬁeld signal. On the other hand, scaƩering of
the FEL on sample structures, Ɵp shaŌ, canƟlever, canƟlever chip, water molecules in air and
other scaƩerers ulƟmately reaching the detector will cause noise in the detected signal, hence
alignment and the sample structure will inﬂuence the noise level. Here, the scaling in between
near-ﬁeld signal and noise can scale in a diﬀerent way. These two factors can be observed when
the PPP Ɵps are compared. The tendency is a larger noise level for larger signals, however the
signal-to-noise raƟo ranges from 2.75 up to 16. In general, fresh Ɵps should have a lower coupling
eﬃciency, as the eﬀecƟve probe radius is smaller. This tendency can be observed when fresh and
worn PPP Ɵps are compared. Here, the WR is higher for used Ɵps and can be almost a factor of
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type power [mW] signal [mV] noise [mV] NA comment WR SNR
PPP 17 0.55 0.2 0.33 fresh 0.9 2.75
PPP 40 0.8 0.07 0.33 fresh 0.6 11.42
PPP 48 1.1 0.15 0.33 fresh 0.6 7.33
PPP 55 1.3 0.1 0.33 fresh 0.7 13
PPP 44 1.1 0.15 0.33 fresh 0.7 7.33
PPP 29 4 0.25 0.33 used 3.8 16
PPP 24 5 0.4 0.33 used 5.8 12.5
PPP 50 3.5 0.3 0.33 used 1.9 11.67
PPP 50 1.8 0.3 0.33 used 1 6
RMN 12 17.5 0.5 0.5 fresh 11.7 35
RMN 16 25 1.5 0.5 fresh 12.5 16
Table 4.1.: Comparison of Ɵp performances with the free-electron laser at  = 150 m.
The best weighted response and signal-to-noise raƟo (marked in bold) were
obtained with RMN Ɵps in the setup shown in 4.1.1.
ten larger. The signal-to-noise raƟo does not show a clear tendency for old and used Ɵps and lies
around ten for most Ɵps.
The two RMN Ɵps used for this analysis were fresh and show a much beƩer performance with
the FEL: The weighted response is a factor of 10 larger than for any new PPP Ɵp. This allows for
measurements at much lower incident power. For sample systems sensiƟve to heat impact, this
can be a signiﬁcant argument to use RMN Ɵps in the THz range. Also, the signal-to-noise raƟo is
larger for the RMN Ɵps. One Ɵp reaches a SNR of 35 and is more than a factor of two beƩer than
any PPP Ɵp. Overall, RMN Ɵp are clearly superior to PPP Ɵps for the applicaƟon in the THz range.
It is not trivial to compare this data to the simulaƟon performed in secƟon 3.4.3, as themeasured
data depends in many ways on alignment and other experimental parameters. Also, the simula-
Ɵon accounts for the ﬁeld enhancement and not for the overall near-ﬁeld signal. However, the
tendency of enhanced coupling and hence beƩer performance is covered by both simulaƟon and
experiment.
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4.2. Pump-modulated s-SNOM
In order to invesƟgate pump-induced sidebands as predicted in secƟon 3.3, a copy of the setup
described in 4.1 was uƟlized with few modiﬁcaƟons. The instrumentaƟon with a CO2 probe laser
is located in the TELBE lab at HZDR, where many diﬀerent laser sources are available, allowing for
a systemaƟc invesƟgaƟon sidebands induced by a NIR pump laser. The results on the sidebands
are analysed in secƟon 5.1.
The modiﬁed s-SNOM setup is depicted in ﬁgure 4.2.1. In most parts, it is similar to the setup
at the free-electron laser so the descripƟon will focus on the parts which are diﬀerent in this
experiment. To avoid incoupling of the strong pump laser into the four-quadrant diode of the
AFM, a high-pass opƟcal ﬁlter10 is mounted in front of the diode, suﬃciently blocking the pump
laser. The AFM signal second stage preampliﬁer is a commercially available four channel device
supplied by RHK technology11. Instead of using mirror opƟcs to change the polarisaƟon of the
CO2 laser, a polarizer/aƩenuator12 uƟlizing two free-standing wire grids placed consecuƟvely in a
mechanical holder is applied. Here the twowire grids can be rotated individually, with the second
grid determining the outcoupling polarizaƟon and the ﬁrst determining the outcoupling power.
With this setup the polarisaƟon and power can be changed steplessly and without any beam-
steering as the wires are free-standing. Here, p-polarized light was used for pump and probe and
no polarisaƟon ﬁlter was used in front of the detector.
ExcitaƟon of the sample under the Ɵp is experimentally challenging as the Ɵp’s shade is prevenƟng
the pump laser to reach the sample directly at the this posiƟon, and it is hard to conﬁrm that
the pump laser13 focus is actually at the Ɵp end. AŌer many experimental trials using shadow
images and pyroelectric detectors power measurements of the beams reﬂected at the sample,
a collinear scheme of the pump and probe was conﬁrmed to be the most prosperous approach
to achieve an overlap at the focus posiƟon. To achieve collinear beams, an addiƟonal mirror is
included into the setup. It is made of a gold-coated silicon wafer with a hole drilled by the author
to transmit the pump laser. The CO2 laser has a much larger diameter and is reﬂected at the
parts around the hole. As the detecƟon path is aligned to collect radiaƟon from the Ɵp, parasiƟc
incoupling of the pump laser radiaƟon scaƩered at the Ɵp into the detector must be avoided.
To ensure this, a germanium ﬁlter is placed directly in front of the detector eﬀecƟvely blocking
10Edmund OpƟcs 84-714, OD4
11RHK Technology Inc, Beetle AFM Preamp.
12LASNIX, conƟnuously variable aƩenuator model 401
13Legend, Coherent Inc.
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Figure 4.2.1.: Setup for sideband invesƟgaƟons: For alignment, a visible laser can be
coupled into the setup, using two apertures to achieve collinearity with
the CO2 (red) laser. The near-ﬁeld microscope is shown in more detail.
A beamspliƩer cuts the beam into two parts to illuminate the AFM Ɵp
and to measure the power at a powermeter. The back-scaƩered light is
wavelength-ﬁltered with a germanium crystal detected in the third arm
of the setup. To couple in the pump laser (green), a mirror with a drilled
hole is employed in the arm of the AFM.
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Figure 4.2.2.: Sideband demodulaƟon setup: (a) Expected signal spectrum with higher-
harmonic peak (red) and sidebands (green). The classic near-ﬁeld demod-
ulaƟon is depicted in (b) where the detector signal and the canƟlever os-
cillaƟon frequency is used for higher-harmonic demodulaƟon. For the de-
modulaƟon of the sidebands (c), two cascaded Lock-In ampliﬁers are used,
where the second Lock-In demodulates the desired sideband.
any radiaƟon from the pump laser as its wavelength p = (800 10) nm is strongly absorbed by
the semiconductor (see secƟon 2.1). The s-SNOM performance of this setup before incuding the
pump laser is described and evaluated in secƟon A.2.
For demodulaƟon of the sidebands predicted in secƟon 3.3, a cascaded Lock-In ampliﬁer scheme
was applied. The basics are depicted in ﬁgure 4.2.2. The expected signal spectrum is sketched
in (a). The red bar indicates the nth harmonic of the canƟlever oscillaƟon 
 and the green bars
show the sidebands with a spectral distance ofm  fp to the main peak. When the convenƟonal
near-ﬁeld shall be detected, the detector signal is fed into a Lock-In ampliﬁer with the reference
frequency 
 (b). Choosing the desired harmonic and applying a steep ﬁlter, the Lock-In ampliﬁer
extracts only the main peak of the nth harmonic and hence the unmodulated near-ﬁeld signal
which is sent to the SPM controller for data acquisiƟon.
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For the demodulaƟon of the sidebands, two Lock-In ampliﬁers are uƟlized. The ﬁrst Lock-In14
needs to have the opƟon of short integraƟon Ɵmes i and a fast output channel, speciﬁcally i
must be below the Ɵme of two consecuƟve pump pulses and the bandwidth must be larger than
the repeƟƟon rate of the pump laser. If the Lock-In ampliﬁer does not support this speed, the out-
put signal will be averaged over more than a period of the pump laser and any temporal change
of the near-ﬁeld signal will be averaged. Hence no sidebands could be detected. Moreover, the
Lock-In ampliﬁer also needs a broad ﬁlter which sƟll passes the sidebands in the frequency do-
main. The demodulated and at this point amplitude-modulated near-ﬁeld signal amplitude is
then fed into a second Lock-In ampliﬁer15 and uses the pump laser repeƟƟon rate as a reference
to demodulate the signal at the mth harmonic of the sideband frequency. The output signal is
passed to the SPM controller for data acquisiƟon.
A parameter study for diﬀerent Lock-In ampliﬁer seƫngs has been performed in [127] in detail
for an amplitude-modulated signal from a waveform generator and will not be discussed at this
point. The experimental results of this work are discussed in chapter 5.1, where higher-order
sidebands could be observed on a germanium sample.
4.3. THz Time-Domain-Spectroscopy SNOM
AddiƟonally, a Ɵme-domain spectroscopy (TDS) s-SNOM setup has been installed to be combine
this setup with the accelerator-based TELBE beamline. It enables phase-resolved detecƟon of
broadband THz near-ﬁeld pulses. As beamƟme is rare and valuable, the setup was aligned ﬁrst
with a table-top laser source to simulate the experimental behavior as realisƟc as possible before
the uƟlizaƟon of TELBE can be performed. The major obstacles of TELBE are a low repeƟƟon rate
of 100-200 kHz and very unstable pulses, including amplitude and Ɵming jiƩers, making a post-
mortem data sorƟng mandatory [140]. One the one hand, the setup described in this secƟon
allows for gaining experience with a forward-scaƩering TDS-SNOM setup. On the other hand it
allows for pre-alignment of the opƟcs before the TELBE beam is guided into it during beamƟmes.
The setup consists of a pump and a probe beam. Please note that the nomenclature of pump and
probe in this secƟon is used as common in Ɵme-domain spectroscopy. While the pump beam
excites the THz pulse, the probe beam is used to probe the scaƩered near-ﬁeld pulse. Both beams
are supplied by a pulsed laser from a regeneraƟve ampliﬁer16 with a center wavelength of 800 nm
14Standford Research Systems SR 844 in this setup
15Standford Research Systems SR 830 in this setup
16Coherent Inc., RegA
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and a pulse length of 100 fs. A repeƟƟon rate of 200 kHz is applied. This unusual low frequency
is a major obstacle for a decent signal-to-noise raƟo in s-SNOM as explained in the following:
Assuming a typical tapping frequency of 150 kHz of the AFM Ɵp, the Nyquist-Shannon sampling
theorem [141] yields a minimum sampling frequency of 300 kHz for the ﬁrst harmonic, 600 kHz
for the second harmonic and so on. To avoid undersampling, a low tapping frequency Ɵp (ideally
below 20 kHz) is mandatory. Moreover, a Ɵp with a strong ﬁeld enhancement at THz frequencies
is beneﬁcial to achieve the strongest near-ﬁeld coupling in between Ɵp and sample. Both needs
are fulﬁlled by the Rocky Mountain Nanotechnology 25Pt300B Ɵp (80 m long, see secƟon A.2),
which has been successfully applied in this secƟon.
The setup uƟlizes the same AFM as in secƟon 4.2. However, the opƟcal setup follows a forward
scaƩering geometry, where the light reﬂected from the sample and the light scaƩered from the
Ɵp is guided towards the detector. This is quite unusual in s-SNOM as much more background
radiaƟon reaches the detector and makes the setup more suscepƟble to arƟfacts. In the infrared
range, there has only been one publicaƟon [53] using this scheme in the last years, as the ap-
plied MCT detectors are quite easily saturated from the strong far-ﬁeld radiaƟon. In contrast, for
Ɵme-domain spectroscopy s-SNOM, all reported experiments have been performed in forward
scaƩering direcƟon [54–56, 89]. As the detecƟon scheme for TDS setups has an enormous dy-
namic range and operate far from saturaƟon, the near-ﬁeld can be detected although they do
not interfere with a large background ﬁeld. The alignment is more complex as spaƟal and tem-
poral overlap must be achieved in the setup. Typically, the signal is ﬁrst aligned via the direct
far-ﬁeld reﬂecƟon from the sample and the near-ﬁeld is then opƟmized in a second step. For low
THz radiaƟon up to frequencies of few THz as applied here, a ZnTe crystal is typically used as an
electro-opƟc detector of the radiaƟon.
The TDS-SNOM setup is depicted in ﬁgure 4.3.1. The incoming beam of the above described
pulsed laser is divided by a beamspliƩer (BS) into a strong pump beam (P  800mW) and a
much weaker probe beam (P  1 mW). The pump is guided via a delay stage17 and hits a pho-
toconducƟve antenna (PCA)18, which emits p-polarized radiaƟon. As the antenna is a large-area
emiƩer and emits with an opening angle of several ten degrees, a pair of lenses is applied to
achieve a decent collimaƟon of the THz beam before it is focussed with a parabolic mirror19, on
the AFM Ɵp. The forward-scaƩered part of the near-ﬁeld is collected with a second parabolic
mirror using the same focal length and then focused with a third parabolic mirror onto a ZnTe
17Newport Corp., M-IMS series
18Laser Quantum GmbH, TeraSED 10, speciﬁcaƟon can be found in [107]
1990 degree oﬀ-axis parabolic mirror, focal length 75 mm
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Figure 4.3.1.: Time-domain spectroscopy setup: The incoming laser pulse is divided into
two parts. One excites the photoconducƟve antenna which emits a THz
pulse. The second part is used for probing of the THz pulse via electro-
opƟc sampling at a ZnTe crystal.
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crystal. The linearly polarized probe beam is guided through a hole in the parabolic mirror to the
crystal as well, then passes a /4waveplate leading to a circular polarized beam. When it passes
the Wollaston prism (WP), it is equally split up on two balanced detectors (see secƟon 2.4).
Similar to concepts discussed in secƟon 2.4, this setup allows for direct probing of the THz ﬁeld’s
amplitude and phase. As the oscillaƟng Ɵp modulates the scaƩered near-ﬁeld amplitude, the
near ﬁeld can be detected with higher-harmonic demodulaƟon when the signal of the balanced
detector is fed into a Lock-In ampliﬁer20. The setup can be used for both local spectroscopic
invesƟgaƟons of the material and for broadband scanning of nanostructures. In the laƩer, the
detected signal is spectrally integrated. Hence, the setup is in general a powerful device to detect
nanoscopic material composiƟons (similar to FTIR spectroscopy) and small variaƟons in it, but
the dectecƟon of resonant sample areas is not as straight forward as compared to a narrow-band
laser source. The broadband excitaƟon of the sample will always excite all resonant features
in the spectrum at the same Ɵme, hence a spectral separaƟon of diﬀerent material properƟes
via the amplitude informaƟon may in some cases not be possible. For the laƩer examinaƟon, a
narrow-band source is the beƩer choice.
The ﬁeld emiƩed from the photoconducƟve antenna is shown in the Ɵme- and the frequency-
domain in ﬁgure 4.3.2. Please note that a chopper in the pump arm of the laser is used to detect
the THz signal via a lock-in ampliﬁer. The Ɵp is not part of the setup at this point. The emiƩed
electric ﬁeld as a funcƟon of the Ɵme delay is shown in (a) and set via the delay stage. Before the
photoconducƟve antenna is excited, no THz ﬁeld is emiƩed. When the pulse hits the antenna, a
large single-cycle THz pulse with a length of roughly 2 ps is emiƩed. It is followed by ﬂuctuaƟons
which are most likely the result of water vapor absorpƟon in the air. The spectrum of this pulse is
shown in (b). The strongest emission occurs at frequencies in the range of few hundred GHz. The
power loses several orders of magnitude at frequencies above 1 THz and reaches the noise ﬂoor
at roughly 3 THz. The diﬀerence of the spectrum compared to the speciﬁcaƟons of the commer-
cial photoconducƟve antenna, where higher frequencies are reached, can be explained by many
factors. Firstly, the THz radiaƟon travels an unusual long distance before it reaches the detector.
AbsorpƟon and scaƩering at water molecules in air can strongly change the spectrum. Secondly,
as menƟoned before, the emission of the THz radiaƟon has a large opening angle and not all fre-
quencies are emiƩed isotropically. When the emission is not fully collected by the lenses, certain
frequencies can be suppressed. Thirdly, as the beam cannot be perfectly collimated due to the
20In this setup, an external Stanford Research Systems SR 830 Lock-In ampliﬁer is applied which was connected to a
LabView soŌware to control the delay lines.
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Figure 4.3.2.: EmiƩed single-cycle THz pulse from the photoconducƟve antenna in the
Ɵme-domain (a) and the frequency-domain (b). The sample used for this
measurement is a gold sample with a Ɵckness of 100 nm gold on a silicon
wafer which should not inﬂuence the spectrum of the THz pulse. Please
note the logarithmic scale in (b).
large area emission, the focused THz beam at the ZnTe crystal will be far from a diﬀracƟon-limited
focus and some frequencies will be more pronounced in certain areas of the focus than others.
Please note that the far-ﬁeld alignment of the setup has been carried out by maximizing the sig-
nal, the spectrum was only regarded aŌer the alignment was ﬁnished. With other alignment, it
might likely be possible to achieve a broader spectral response.
AŌer the Ɵp is included into the setup and approached to the gold sample, the chopper is re-
moved from the setup and the scaƩered near-ﬁeld signal is detected via higher-harmonic de-
modulaƟon of the scaƩered signal. The setup is again aligned by maximizing the signal through
the adjustment of the opƟcal elements. The result is shown in ﬁgure 4.3.3. The scaƩered signal
in the Ɵme-domain (a) does not show a single cycle anymore, but rather a mulƟ-cycle pulse with
a length of more than 5 ps and at least three oscillaƟons before the signal vanishes in the noise
ﬂoor. The signal-to-noise raƟo is in general much lower since the near-ﬁeld measurement signal
is much smaller but the noise ﬂoor of the setup stays the same. The reduce of signal-to-noise
raƟo has been observed in other TDS near-ﬁeld experiments as well [54–56]. The scaƩered near-
ﬁeld in the frequency-domain shows a strong change compared to the far-ﬁeld emission of the
antenna. Here, the peak frequency lies in the range of 2 to 2.5 THz and decays slower to smaller
and larger frequencies. This is a result of the dipole-antenna enhancement of the Ɵp discussed in
secƟon 3.4.3 for this 80 m long AFM Ɵp. A qualitaƟve comparison of the experiment to the sim-
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Figure 4.3.3.: EmiƩed THz near-ﬁeld pulse from the RMN Ɵp in the Ɵme-domain (a)
and the frequency-domain (b). The pulse is now a mulƟcycle pulse with a
broad resonance around 2 THz. Please note the logarithmic scale in (b).
ulaƟon cannot be performed due to too many uncertainƟes considering Ɵp shape, experimental
seƫngs and other diﬃculƟes, sƟll it is impressive that the most pronounced frequencies of the
experiment and the simulaƟon are in good agreement. This may change from Ɵp to Ɵp as they
are etched individually and do not have the high reproducibility as oﬀered by silicon-based ones.
As the setup is aligned on a gold sample for each Ɵp anyway, a far-ﬁeld and near-ﬁeld spectrum
should be collected on this spectrally ﬂat sample to allow for comparison of other materials for
reference.
In order to demonstrate the capability of mapping material contrast on the nanometer scale with
this setup, a Si/SiO2 nanostructure has been chosen as a prove-of-principle sample. Here, the
main peak of the near-ﬁeld pulse in the Ɵme domain has been chosen for best signal-to-noise
raƟo in the spectrally integrated lateral 500x500 nm scan of the sample. The topography is shown
in ﬁgure 4.3.4 (a), where a diagonal stripe is visible in between two areas of elevated material.
The corresponding near-ﬁeld response is shown in (b). Here, the diagonal stripe shows a much
stronger response and can be idenƟﬁed as siliconwith thismeasurement. The free charge carriers
(p-doped with n  1015 cm 3 contribute to the THz near-ﬁeld response as predicted in secƟon
2.1 on the Drude model, whereas the SiO2 is an insulator in the THz range and does not have a
strong near-ﬁeld response. This ﬁnding has been conﬁrmed in other near-ﬁeld experiments as
well [48, 117]. The resoluƟon cannot be determined with high accuracy due to low signal-to-
noise raƟo, however can be conﬁrmed to be below 100 nm from the data. When compared to
the beƩer signal-to-noise raƟo presented in similar experiments [55, 56, 117], the diﬀerence can
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Figure 4.3.4.: 500 nm, 64x64 pixel broadband THz near-ﬁeld scan of a Si/SiO2 structure.
(a) shows a stripe of Si surrounded by two areas of SiO2. The near-ﬁeld
response is shown in (b), where Si has a much stronger response due to a
doping concentraƟon of 1015 cm 3.
be explained by the much lower sampling rate of 200 kHz in this setup.
UlƟmately, the goal of this experimental work is to use TELBE instead of the PCA for probing
with a high-power and narrow-band THz source. Unfortunately. the combinaƟon of this setup
with the TELBE beamline has been unsuccessful when ﬁrst tried. AŌer a 24-hour shiŌ with the
TELBE beam, the post-mortem pulse analysis and data correcƟon [140] of the signal performed
by Thales de Oliveira did not show evidence of near-ﬁeld interacƟon in between Ɵp and sample.
Most likely, the pulse-to-pulse stability of TELBE and the amplitude jiƩer is insuﬃcient for an
s-SNOM experiment and the correcƟon accuracy is not high enough to push the noise level to
a point where near-ﬁeld signals can be deduced from the background. A second approach is
planned for the end of March 2019, where the pulse-to-pulse stability of TELBE will be opƟmized
for this experiment.
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Physics is like sex: sure, it may give some practical results, but
that’s not why we do it.
(Richard P. Feynman)
This chapter covers the systemaƟc invesƟgaƟon of sidebands predicted in secƟon 3.3 was per-
formed with the setup described in secƟon 4.2. To demonstrate the capabiliƟes of the setup, a bulk
germanium sample was chosen as a sample for proof-of-principle measurements. The properƟes
of such a semiconductor are discussed in secƟon 2.1. Below, experimental evidence of higher-
order sidebands in a pump-probe s-SNOM setup is presented. To gain insight into fundamental
aspects of such a system, parameter studies of physical and technical properƟes have been per-
formed. The sub-diﬀracƟon resoluƟon and the nanoscale material contrast compared to a gold
island are presented as well. As a last step, the results will be compared to the theory.
5.1. Pump-induced Sidebands in Germanium
Themain aimof this experiment is the conﬁrmaƟonof the predicƟonsmade in secƟon 3.3, namely
the observaƟon of higher-order sidebands. For this, the setup as described in 4.2 has been uƟlized
with a germanium sample1, which electronic properƟes have been discussed in secƟon 2.1. A CO2
laser has been applied for probe and a Ti:Sa pulsed laser (frep = 1 kHz) to excite the sample. For
probing the near-ﬁeld, a Nanosensors PPP-NCLPt, f  160 kHz. Ɵp has been used.
For each parameter studied in this secƟon at least two retract curves were obtained to ensure the
reproducibility of eachmeasurement. Overall, the inﬂuence of nine parameters such as the pump
ﬂuence, the harmonic of the near-ﬁeld and sidebands, as well as the oscillaƟon amplitude of the
11cm2, single crystal, n-type,  = 30 
 cm
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Ɵp was invesƟgated. AddiƟonally, technical parameter seƫngs of the employed Lock-In ampliﬁer
have been in the scope of this work. To present the characterisƟcs of the system to the reader
while keeping the length of this chapter reasonable, only some retract curves are presented in
its enƟrety. Later on, the data is presented in the following way: For each curve, the sideband
amplitude data of the ﬁrst 10 nm above the sample surface is averaged. As the Ɵp will be in this
regime during lateral scans, this method gives a reasonable measure to compare the inﬂuence
of the parameters. When a signal-to-noise raƟo is calculated, this value is compared to the RMS
noise of the same retract curve for the distance of 75-150 nm to the sample surface. In plots,
the notaƟon is chosen as follows for an unequivocal presentaƟon: Whenever the near-ﬁeld is
demodulated it is noted with NF with addiƟonal informaƟon on the harmonic order, e.g. the
ﬁrst harmonic is labeled with NF1H, second harmonic with NF2H, and so on. When a certain
sideband is demodulated, the harmonics of both the near-ﬁeld and the sideband are given. The
second sideband of the ﬁrst harmonic is labeled NF1H SB2H and the fourth sideband of the third
harmonic with NF3H SB4H.
Figure 5.1.1 (a) shows a set of typical near-ﬁeld retract curves on germanium with a probe and
pump laser power of 25mWand 5mW, respecƟvely, for the ﬁrst three harmonics of the canƟlever
oscillaƟon. The second and third harmonic show the typical near-ﬁeld decay with a decay length
to half of its contact value of  15-20 nm. Compared to the measurements in the THz region,
the ﬁrst harmonic inhibits stronger far-ﬁeld contribuƟon for this measurement with the CO2 laser
( = 10.6 m). The signal decays and reaches the point of zero at around 35 nm distance of the
sample before it rises again towards larger distances. This behaviour is a result of either a ﬁeld
minimum or maximum of the background roughly at distance. At this point the Ɵp modulaƟon
does not change the overall scaƩered ﬁeld, hence the modulaƟon is not visible at the detector
and the Lock-In ampliﬁer detects a value of zero. The change in direcƟon is associated with a
180 degree phasejump in the Lock-In phase (not shown in the ﬁgure). This is a common eﬀect in
the ﬁrst harmonic with such low wavelengths and will induce arƟfacts during lateral scans as the
background ﬁeld is not constant. For this reason, the ﬁrst harmonic is inmany cases not recorded.
With regard to this novel technique of sidebanddemodulaƟon it is however fruiƞul to demodulate
and analyse this signal to beƩer understand the physical background of the sidebands’ behavior
as far-ﬁeld eﬀects may inﬂuence the higher harmonics as well if the eﬀect is too large.
The corresponding ﬁrst-order sidebands2 are shown in (b). NF2H SB1H and NF3H SB1H show a
2The Lock-In ampliﬁer seƫngs for thismeasurement are i=100s, 12 dB/octave ﬁlter for the SR 844 and the output
was set to the amplitude R. For the SR830 an integraƟon Ɵme of i= 30 ms and a 12 dB/octave ﬁlter were used
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Figure 5.1.1.: Retract curves with a pump power of 5 mW. The near-ﬁeld signals of the
ﬁrst three harmonics are shown in (a) and were measured with an internal
Lock-In ampliﬁer of the R9. The corresponding ﬁrst sidebands are shown
in (b). Please note that the sideband signal is three orders of magnitude
larger due to ampliﬁcaƟon of the external Lock-In ampliﬁers before it is
fed into the data acquisiƟon.
typical near-ﬁeld decay with a slightly short decay length as in (a). The signal-to-noise raƟo of
the sidebands is smaller than in the overall near-ﬁeld signal, but is sƟll large enough to perform
a scan on the sample. The NF1H SB1H signal shows an arƟfacts in form of an unphysical peak at
the distance of  35 nm. It is associated with the ﬁrst harmonic reaching zero at this posiƟon.
At this point, the cascaded Lock-In demodulaƟon inherently produces this error. When the ﬁrst
harmonic reaches values close to zero, the signal stability is lost as the SR844 Lock-In ampliﬁer is
not delivering a stable near-ﬁeld signal but rather a random noise ﬂoor, containing all frequencies
- including 1 kHz. This directly couples into the second Lock-In demodulaƟon and produces this
peak without a physical meaning. For distances higher than 40 nm, the signal slowly decays and
reaches the noise level for values above 120 nm. Assuming the decay length is associatedwith the
lateral resoluƟon of the s-SNOM, the resoluƟon of NF2H SB1H and NF3H SB1H will be superior
to the resoluƟon of NF1H SB1H, however it is quite remarkable that NF1H SB1H shows a clear
near-ﬁeld characterisƟc although the corresponding NF1H signal suﬀers from far-ﬁeld eﬀects.
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5.2. Fluence Dependence
The inﬂuence of the pump laser’s power is invesƟgated in steps of 1 mW average power up to the
point when a criƟcal heat impact to the AFM is reached (P  8 mW)3. In the near-ﬁeld signals
of the second and the third harmonic (see ﬁgure 5.2.1 (a)), no signiﬁcant inﬂuence is found for
pump powers up to 7 mW. Although the induced charge carriers strongly increase the near-ﬁeld
response, the duty cycle of this eﬀect is too low to induce a visible change in the overall near-
ﬁeld signal. At higher powers, the signals drops by  25 % as a result of the heat impact. At
this point, the control loop becomes instable which leads to an eﬀecƟvely larger distance from
the sample surface when the retract curves are obtained. As the near-ﬁeld signal drops strongly
with the distance, an unstable control loop couples quite strongly into the near-ﬁeld signal. For
the ﬁrst harmonic, this eﬀect is visible for high power and is even more pronounced. The data
of the ﬁrst harmonic below the power of 7 mW is not very stable either. Here, the data points
follow a non-steady paƩern which cannot be explained directly by theory and may be inﬂuenced
by various arƟfacts. When the raw data is analysed, a shiŌ of the point of z = 0 near-ﬁeld by up
to 10 nm can be idenƟﬁed, hence the maximum value at a distance of z = 0 nm exhibits a quite
strong change for each measurement. As the data does not show a random paƩern but rather
follow a quite slow change (each point corresponds to the retract curves and needs more than
a minute to collect and they were obtained in chronological order), a slow driŌ (e. g. change of
the background ﬁeld due to a thermal driŌ of the opƟcal setup) is most likely the origin of the
change in signal. The exact source of the driŌ is unclear, however, most driŌs will simply change
the amplitude and phase of the background ﬁeld. As the supression of the background eﬀect
is much less eﬃcient in the ﬁrst harmonic than at higher harmonics, this eﬀect is not visible for
NF2H and NF3H.
The data for the corresponding ﬁrst-order sidebands is presented in (b). For NF2H SB1H andNF3H
SB1H a rise in amplitude is observedwith the strongest gradient from 3 to 5mW. For powers from
5 to 7 mW, a plateau is reached before the heat impact induces arƟfacts to the signal. The NF1H
SB1H amplitude shows a linear behaviour with rising pump powers up to 7 mW of pump power.
The rise in signal with increasing pump powers ﬁts in general to the theory: As predicted by the
Drude theory and the expected rise in the scaƩering cross-secƟon in s-SNOM (see secƟon 2.1),
the strongest contribuƟon to the near-ﬁeld signal is expectedwhen the permiƫvity of the sample
becomes slightly negaƟve. When the pump power is strong enough to excite the needed charge
3Due to low absorpƟon of the probe laser, its heat impact can be neglected. Furthermore a cw heat impact does
not inﬂuece the feedback control loop as much as a pulsed laser.
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Figure 5.2.1.: Pump power dependence of the near-ﬁeld signal (a) and the correspond-
ing ﬁrst sidebands (b). The dashed red line indicates the power where the
heat impact has a signiﬁcant impact to the s-SNOM and the data becomes
unreliable.
carrier density, a further increase of power has a smaller contribuƟon to the sideband signal.
From the data, the pump power where the permiƫvity becomes negaƟve is most probably in the
range of 3-5 mW. A pump laser focus size of roughly 400 m (FWHM) was determined using a
beam proﬁle camera4, the probe laser focus was a bit larger with a size of roughly 600 m. From
this value and a indident angle of  55 degree, the ﬂuence for a power of 4 mW is 0.55 mJ/cm2.
This value has the same order as observed in previous studies [47, 127] and is also in the same
range as reports on macroscopic experiments [19, 142, 143] staƟng 1-15 mJ/cm2.
5.3. Higher-order sidebands
The existence of the ﬁrst sideband in s-SNOM and the applicaƟon for nanoscale imaging has been
proven before [47, 127]. Moreover, it is a fundamental quesƟon howmany orders of the sideband
can be detected as the theory discussing the sidebands does not consider the damping in the
amplitude modulaƟon. Here, the ﬁrst sideband may sƟll suﬀer from arƟfacts of the heat transfer
into the Ɵp-sample systeme. g. via themechanical oscillaƟon of the Ɵp. The heatwhich is induced
by the laser in the sample changes the canƟlever’s temperature and its properƟes. This could lead
to a periodic change in oscillaƟon amplitude of the canƟlever with a repeƟƟon rate of 1 kHz and
4Spricon Pyrocam III
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Figure 5.3.1.: Sideband amplitude for higher sidebands of all three harmonics (a).
Please note the logarithmic scale. The transfer funcƟon of the SR844 Lock-
In ampliﬁer is shown in the dashed line (blue). The calculated signal-to-
noise raƟo is depicted in (b).
hence contributes to the signal although it is not related to the change of the sample properƟes.
As the oscillaƟon amplitude and the corresponding near-ﬁeld signal have a linear relaƟonship
to amplitudes up to 200 nm [144], such a heat arƟfact cannot occur in higher-order sidebands.
Hence, the higher-order sidebands are expected to be less aﬀected by such arƟfacts.
A systemaƟc invesƟgaƟon of higher sidebands is depicted in ﬁgure 5.3.1. (a) shows the sideband
amplitude with logarithmic scale for the diﬀerent orders of the sideband5. The sidebands am-
plitude of all three harmonics follow an exponenƟal decay quite well up to the seventh order.
Above that, the noise level is reached and the data becomes untrustworthy. For the ﬁrst-order
sideband, the value slightly deviates from the exponenƟal behaviour and is too large in all three
harmonics. The origin of this deviaƟon cannot be veriﬁed with this dataset, but might be a re-
sult of the heat impact discussed above. The blue dashed line shows the transfer funcƟon of the
SR844 Lock-In ampliﬁer ﬁlter. The sideband amplitude shows a stronger decrease than the ﬁlter,
hence the sidebands decay is of a physical origin and not an arƟfact of the demodulaƟon tech-
nique. When the data is compared to the transfer funcƟon, the drop below the noise level for
the 7th-order harmonic and higher is clearly visible. The signal-to-noise raƟo for the measure-
ments is calculated in (b). It is becoming smaller for higher-order sidebands and shows in general
a rather linear behavior for the ﬁrst harmonic and a faster decay for the second and the third
5The Lock-In ampliﬁer seƫngs for this measurement are i=100 s, 12 dB/octave ﬁlter for the SR 844 and i=30
ms, 24 dB/octave ﬁlter for the SR 830
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harmonic. The raƟo is by far the largest for the ﬁrst harmonic and suﬃcient up to the seventh
sideband. For the second harmonic, the raƟo is good enough for a scan up to the fourth side-
band and for the third harmonic only the ﬁrst and second sidebands are suitable. For the ﬁrst
sidebands, the signal-to-noise raƟo is signiﬁcantly larger than for higher-order sidebands. This is
a result of the deviaƟon in the ﬁrst-order sideband, where an increased amplitude is observed.
The noise level does not show such an increase and hence the calculated signal-to-noise raƟo is
larger. However, as the increased signal might be the result of the heat impact, it might carry un-
wanted contribuƟons. To avoid the detecƟon of these contribuƟons,m  2 should be preferred
duringmeasurements. In general, the detecƟon of such high-order sidebands is quite remarkable
and indicates a very small damping of the amplitude modulaƟon.
5.4. Oscillation Amplitude
The oscillaƟon amplitude of the canƟlever is a parameter in s-SNOM which is commonly chosen
to values which roughly matches distance where the near-ﬁeld has decayed to almost zero. In
most reports, the amplitude ranges around 60 nm, a quite large value for tapping mode AFM al-
ready. Some scienƟst increase this to values above 100 nm as larger near-ﬁeld signals are found
(e. g. [89]). In this range, the near-ﬁeld amplitude has a linear dependence to the oscillaƟon am-
plitude of the Ɵp [144]. However, increasing the amplitude too much will cause severe arƟfacts
in the s-SNOM measurement as the mechanical oscillaƟon becomes anharmonic and inherently
carries higher harmonics of the driving frequency [145]. Hence, higher harmonics not associated
with near-ﬁeld interacƟons will be found in s-SNOM signals [146]. To invesƟgate the inﬂuence
of the oscillaƟon amplitude on the s-SNOM signals and the sidebands, the oscillaƟon amplitude
was increased while measuring the ﬁrst three harmonics of the near-ﬁeld and the corresponding
ﬁrst sidebands. Due to limited amount of Ɵme in the laboratory, this measurement could not be
performed for higher sidebands. The dependency of the near-ﬁeld and sideband amplitudes on
the oscillaƟon amplitude is depicted in ﬁgure 5.4.1. The second and third near-ﬁeld harmonics
follow a linear behavior when the oscillaƟon amplitude is increased from 40 to 120 nm. When
being increased to 160 nm, the rise in amplitude becomes smaller as the addiƟonal distance cov-
ered by the Ɵp is in the range where the near-ﬁeld in close to zero. This behavior is quite typical
for an s-SNOM experiment [144]. For the ﬁrst harmonic, the signal rises by 20 % when the os-
cillaƟon amplitude is increased from 40 to 60 nm, for larger values the signal is relaƟvely stable.
Depending on the alignment of the setup and the posiƟon of the Ɵp at the sample, this might
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Figure 5.4.1.: Near-ﬁeld (a) and corresponding sideband (b) amplitudes for diﬀerent os-
cillaƟon amplitudes of the Ɵp. The Seƫngs for the SR 844 were chosen to
an integraƟon Ɵme of 100 s, a 12 dB ﬁlter and a sensiƟvity of 30 mV/V.
For the SR 830, the integraƟon is 30 ms and the ﬁlter is 24 dB.
change quite drasƟcally, as it strongly depends on the background ﬁeld. Please note that this
measurement was performed several hours aŌer the measurements of the higher-order side-
bands summarized in ﬁgure 5.3.1. During this Ɵme, the Ɵp was worn oﬀ a bit, leading to a larger
eﬀecƟve Ɵp radius and a slightly enhanced near-ﬁeld signal. The sideband data is shown in ﬁgure
5.4.1 (b). The NF2H SB1H and NF3H SB1H amplitudes in general follow the same behavior as the
corresponding near-ﬁeld signals. They rise with the oscillaƟon amplitude up to 120 nm, although
the slope is a bit smaller. For amplitudes above 120 nm, the rise decreases. For NF1H SB1H there
is a rising trend towards larger amplitudes, but the ﬂuctuaƟons of the NF1H data is visible in the
sideband as well.
In order to ﬁnd a suitable oscillaƟon amplitude for suchmeasurements, the signal-to-noise raƟo is
determined and depicted in ﬁgure 5.4.2. (a) shows the data for the near-ﬁeld signals. The values
for the ﬁrst harmonic decrease constantly from 25 to 15 when the oscillaƟon amplitude is
increased following a rather linear behaviour. For the second harmonic, the value decreases as
well. However, a strongly enlarged signal-to-noise raƟo is calculated. The reason is the enhanced
near-ﬁeld amplitude while the noise ﬂoor does not change from 40 to 60 nm amplitude. Most
likely the noise ﬂoor is limited by the Lock-In ampliﬁer itself for small amplitudes, while it is limited
by the above discussed arƟfacts from the higher harmonic demodulaƟon and/or anharmoniƟes
from the canƟlever oscillaƟon. To invesƟgate this further, more data points in the range from 40
to 80 nm would be needed. For the third harmonic, the signal-to-noise raƟo rises rather linearly
98
5.5. Technical Aspects of the Sideband DemodulaƟon
40 60 80 100 120 140 160
0
20
40
60
80
100
120
140
160
180
200
sign
al-t
o-n
oise
 rat
io
Oscillation Amplitude [nm]
 NF1H NF2H NF3H
40 60 80 100 120 140 1600
5
10
15
20
25
30
sign
al-t
o-n
oise
 rat
io
Oscillation Amplitude [nm]
 NF1H SB1H NF2H SB1H NF3H SB1H
(b)(a)
Figure 5.4.2.: Calculated near-ﬁeld (a) and corresponding sideband (b) signal-to-noise
raƟos for diﬀerent oscillaƟon amplitudes of the Ɵp.
up to 120 nm and does not rise further aŌerwards. The corresponding data for the ﬁrst order
sidebands is ploƩed in (b). Here, both NF2H SB1H and NF3H SB1H show a strong rise towards
higher amplitudes and do not saturate for amplitudes above 120 nm. The NF1H SB1H has by far
the largest amplitude and does not show a clear trend.
In conclusion, the sweet spot of oscillaƟon amplitude lies in the range of 80 to 120 nm. Here, both
the absolute signal strengths and the signal-to-noise raƟos of all signals is in a suitable regime.
Only NF1H has quite a comparably small SNR, but this signal carries toomany arƟfacts for a proper
near-ﬁeld scan and is usually neglected for this purpose. The achievable resoluƟon in a scan is a
bit beƩer for smaller amplitudes but will sƟll be ﬁne for an amplitude around 100 nm.
5.5. Technical Aspects of the Sideband Demodulation
In this secƟon the inﬂuence of the Lock-In ampliﬁer seƫngs on the sideband signals is examined.
As the cascaded method for the sideband demodulaƟon is new in this ﬁeld, this examinaƟon
enables the opƟmizaƟon of seƫng and signiﬁcantly improves the quality of the data.
The inﬂuence of the SR 844 sensiƟvity is evaluated in table 5.1. Here, largest sensiƟvity was
chosen in a way that the cascaded SR830 Lock-In ampliﬁer could sƟll receive the signal without
any processing error, meaning that both the input and output ranges were not fully exploited.
For the evaluaƟon, the NF2H SB1H signal was taken into account. The signal-to-noise raƟo is best
for a sensiƟvity of 30 mV/V (10 % of the full range exploited), however the small change when
using 10 mV/V could arise from staƟsƟcal noise ﬂuctuaƟons during the measurement. When the
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10 mV/V 30 mV/V 100 mV/V
Signal [V] 2.64 0.95 0.222
Noise [V] 0.22 0.07 0.026
SNR 11.56 12.15 8.65
Table 5.1.: Calculated signal-to-noise raƟo for diﬀerent sensiƟviƟes of the SR844 Lock-In
ampliﬁer. For this measurement an integraƟon Ɵme of 100 s and a ﬁlter of
12 dB/octave has been used for the SR844 Lock-In ampliﬁer. The SR830 was
set to an integraƟon Ɵme of 30 ms and a ﬁlter of 24 dB/octave. The pump
power of this measurement is 5 mW and the Ɵp had an oscillaƟon amplitude
of 160 nm.
output range of the SR 844 is exploited only by 2%, the signal-to-noise raƟo drops down by almost
30 %. The conclusion of this measurement can be transferred to other harmonics and sidebands
without hesitaƟon.
The inﬂuence of the SR844 ﬁlter is analysed in table 5.2. Here, all possible ﬁlter seƫngs are
tested. The trend shows larger signal-to-noise raƟos for steeper ﬁlters when the NF2H SB1H is
demodulated. Thismeasurement cannot be transferred to themeasurement of higher sidebands,
as the ﬁlter will determine how strongly signals around themain peak of the harmonic are cut oﬀ.
I.e., a 24 dB/octave ﬁlter will only pass 4% of the second sideband and 1% of the third sideband.
For the measurements of the higher-order sidebands described above, the ﬁlter was set to 12
dB/octave, which passes signals up to the 7th sideband. A smaller ﬁlter may pass even more
sidebands. To gain a full picture, the measurement of higher sidebands should be repeated with
diﬀerent ﬁlter seƫngs.
The last technical seƫng of the SR 844 invesƟgated is the integraƟon Ɵme i of the Lock-In am-
pliﬁer. Again, NF2HSB1H is measured while i is changed. The obtained signal-to-noise raƟos are
given in table 5.3. A massive drop by a factor of more than 400 in the signal amplitude passed
by the SR844 is observed when the integraƟon Ɵme becomes larger than 1 ms and hence larger
than the period of the excitaƟon laser. The opƟmal integraƟon Ɵme is 300 s, were the integra-
Ɵon is long enough to suppress the noise, but sƟll easily passes the 1 kHz modulaƟon. For the
invesƟgaƟon of higher-order sidebands, the modulaƟon n 1 kHz becomes faster and hance the
opƟmal integraƟon Ɵme should tend towards smaller values as the modulaƟon.
As the SR 830 Lock-In ampliﬁer is the last device in the cascade, its seƫngs should inﬂuence the
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0 dB/oct 6 dB/oct 12 dB/oct 18 dB/oct 24 dB/oct
Signal [V] 7.65 6.19 5.61 4.60 4.53
Noise [V] 0.70 0.66 0.51 0.42 0.35
SNR 10.97 9.38 10.99 11.02 12.89
Table 5.2.: Calculated signal-to-noise raƟo for diﬀerent ﬁlters of the SR844 Lock-In am-
pliﬁer. For this measurement an integraƟon Ɵme of 100 s and a sensiƟvity
of 10 mV/V has been used for the SR844 Lock-In ampliﬁer. The SR 830 has
an integraƟon Ɵme of 30 ms, a ﬁlter of 24 dB/octave and a sensiƟvity of 10
mV/V. The pump power of this measurement is 5 mW.
100 s 300 s 1 ms 3 ms
Signal [V] 2.761 0.966 0.076 0.006
Noise [V] 0.246 0.061 0.005 0.001
SNR 11.22 15.72 14.31 7.029
Table 5.3.: Calculated signal-to-noise raƟo for diﬀerent integraƟon Ɵmes i of the SR844
Lock-In ampliﬁer. For this measurement a ﬁlter of 12 dB/octave and and a
sensiƟvity of 10 mV/V is used for the SR844 Lock-In ampliﬁer. The SR 830 had
an integraƟon Ɵme of 30 ms, a ﬁlter of 24 dB/octave and a sensiƟvity of 20
mV/V. The pump power of this measurement was 5 mW.
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1 ms 3 ms 10 ms 30 ms 100 ms 300 ms
Signal [V] 1.111 0.969 0.947 0.895 1.001 0.818
Noise [V] 0.176 0.156 0.105 0.076 0.049 0.025
SNR 6.284 6.223 9.034 11.74 20.71 32.74
Table 5.4.: Calculated signal-to-noise raƟo for diﬀerent integraƟon Ɵmes i of the SR830
Lock-In ampliﬁer. For this measurement a ﬁlter of 12 dB/octave, an integra-
Ɵon Ɵme of 100 s and a sensiƟvity of 10 mV/V is used for the SR844 Lock-In
ampliﬁer. The SR 830 has a ﬁlter of 24 dB/octave. The pump power of this
measurement is 5 mW.
signal-to-noise raƟo as expected for any Lock-In ampliﬁer (as decribed in [124]). Firstly, steep
ﬁlters will enlarge the signal-to-noise raƟo at the cost of quick onset of the signal when the mod-
ulaƟon is started. Secondly, long integraƟon Ɵmeswill enlarge the signal-to-noise raƟo at the cost
ofmeasurement speed. The obtained values for diﬀerent SR 830 integraƟonƟmes are given in ta-
ble 5.4. Here, the SNR clearly rises for larger integraƟon Ɵmes as the random noise is suppressed
more eﬃciently. The best trade-oﬀ in between SNR and integraƟon Ɵme needs to be found for
each experiment. For many measurements, an integraƟon Ɵme of 10 ms will be suﬃcient for a
sideband scan. This value is in the typical regime used for imaging in near-ﬁeld microscopy and
will not decrease the scanning speed. If a larger SNR is needed, an integraƟon Ɵme above 30
ms needs to be chosen and will increase the scanning Ɵme to more than an hour for a 128x128
pixel scan. For such long scans, the AFM setup must be very stable against driŌs and should be
in thermal equilibrium before the scan is started.
As a last technical parameter, the SR 830 ﬁlter is regarded. When it is changed, a slight change
towards smaller signals and lower noise, is observed. When the signal-to-noise raƟo is calculated,
no clear trend can be observed. The results are given in table 5.5.
5.6. Nano-optic Material Contrast
The ulƟmate proof that the measured sidebands are related to the opƟcal informaƟon of the
near-ﬁeld is a near-ﬁeld scan with sub-diﬀracƟon resoluƟon. Here, a germanium crystal with a
gold nanostructure on top is chosen as a demonstraƟon system. In the ideal case, the sidebands
should not appear on the gold areas and only on the germanium crystal, as the charge carrier
density is increased by the excitaƟon laser only in the laƩer case. Figure 5.6.1 (a) shows the
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6 dB 12 dB 18 dB 24 dB
Signal [V] 3.78 2.31 2.58 2.58
Noise [V] 0.32 0.26 0.26 0.22
SNR 11.84 8.78 9.99 11.54
Table 5.5.: Calculated signal-to-noise raƟo for diﬀerent ﬁlter seƫngs of the SR830 Lock-
In ampliﬁer. For this measurement a ﬁlter of 12 dB/octave, an integraƟon
Ɵme of 100 s and a sensiƟvity of 10 mV/V is used for the SR844 Lock-In
ampliﬁer. The SR 830 has an integraƟon Ɵme of 30 ms. The pump power of
this measurement is 5 mW.
topography of the sample. A undeﬁned gold patch with a size of roughly 10x5 m and a height
of 50 nm was fabricated via lithography on a single crystal germanium substrate6. At the edges,
a thin area of elevated topography is observed. The top row of the ﬁgure moreover shows the
near-ﬁeld amplitude (b) of the second harmonic and the corresponding ﬁrst sideband (c) without
the excitaƟon laser. In the near-ﬁeld, a clear material contrast in between the gold patch and the
substrate can be observed. The dark rim around the gold area corresponds to the elevated areas
in the topography. From this data, it can be concluded that the elevated area ismost likely residual
resin from the fabricaƟon process. The scan is not detailed enough to determine the lower limit
of the near-ﬁeld resoluƟon, however an upper limit of  150 nm can be stated. In the sideband
data, there are arƟfacts visible which need to be addressed before evaluaƟng the scan with the
excitaƟon laser, such as a slightly more noisy and increased signal on the gold and clearly elevated
signals at the edges. All data shown before were spectra collected at a single point of the sample,
hence the p-i control loop of the AFM did not need to compensate for the fast changes in the
topography which occur during a scan. While scanning, the feedback loop will compensate for
any ﬂuctuaƟon in the topography. As the sample is not completely ﬂat and the control loop does
not compensate perfectly, this will in general induce changes in the actual Ɵp-sample distance
containing all frequencies, including 1 kHz. As the near-ﬁeld is very sensiƟve to the Ɵp-sample
distance, this 1 kHz signal will directly couple into the near-ﬁeld and sideband demodulaƟon. The
gold ﬁlm is much rougher than the germanium and much more vulnerable to this arƟfact. By
adjusƟng the control loop, the arƟfact could be minimized, however a slightly larger signal on
gold sƟll sƟll remains. The largest arƟfacts can be observed at the edges themselves, where the
control loop needs to compensate strongly for the topography. The scan direcƟon is leŌ to right
6The characterisƟcs of this semiconductor are discussed in secƟon 2.1
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Figure 5.6.1.: Nano-opƟcal invesƟgaƟon of a gold patch on a germanium substrate. The
upper row shows the measurement without the excitaƟon laser, the lower
row with an excitaƟon power of 5 mW. To suppress background interfer-
ence from the CO2 probe laser, the 1d-FFT ﬁlter of Gwyddion [147] was
applied in (b), (c), (e) and (f). For the measurement an integraƟon Ɵme
of 100 s, a ﬁlter of 12 dB and a sensiƟvity of 30 mV/V was used at the
SR 844. At the SR 830 the integraƟon Ɵme was chosen to 30 ms, the ﬁlter
was chosen to 12 dB and the oscillaƟon amplitude was 100 nm.
in this picture explaining why the edges along the scan direcƟon aremore sensiƟve to this arƟfact
than the edges perpendicular to it.
The lower row shows the scan with a pump exciaƟon power of 5 mW. Both the topography (d)
and the second harmonic in the near-ﬁeld (e) show no signiﬁcant change. In the sideband (f), a
clearmaterial contrast in between the gold and the germanium can be observed. The germanium
appears bright, while the gold area is darker. AddiƟonally, the sideband phase is only stable on the
germanium (not shown). The resoluƟon of the sideband can be esƟmated to a value below 150
nm and is smaller than the diﬀracƟon limit of both the CO2 probe and the Ti:Sa excitaƟon laser.
The signal on the gold rises to a value of few hundredmV, which might be related to heat induced
arƟfacts in the ﬁrst sideband as discussed above. Unfortunately, the limited lab Ɵme did not allow
for a lateral scan of this structure with the demodulaƟon of a higher-order sideband. A second
explanaƟon for the enlarged signal on gold can be a unwanted change of the background ﬁeld
due to the mascroscopic change of the reﬂecƟvity of the germanium substrate which will directly
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induce sidebands in the full data of the scan. To exclude this arƟfact an inverted sample (almost
completely coated with gold) would be a good candidate. For such a sample, the background
ﬁeld would not change under the inﬂuence of the background laser.
Although the scan nicely demonstrates the capabiliƟes on nano-opƟc invesƟgaƟons of transient
states, the contrast in this measurement is much lower than expected (an arƟfact- and noise-free
measurement should show a contrast of inﬁnity, as discussed in secƟon 3.3) and is not in the same
range as shown in previous experiments [47, 127]. One possibility could be the increased impact
of heat in this experiment. While a Nd:YAG laser ( = 1064 nm) has been used in [47, 127],
this experiment was performed with a Ti:Sa short pulse laser (  800 nm). The Ti:Sa laser has
a stronger absorpƟon coeﬃcient (see ﬁgure 2.1.6) and more photons are absorbed in a smaller
volume. AddiƟonally, the laser in this experiment has more energy per photon which needs to be
transferred during absorpƟon. As this energy is mostly transferred to phonons, the heat impact
into the system is larger than compared to the Nd:YAG experiment.
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6. Field-Effect Transistors
We choose to go to the Moon! We choose to go to the Moon, not
because it is easy, but because it is hard; because that goal will
serve to organize and measure the best of our energies and skills,
because that challenge is one that we are willing to accept, one we
are unwilling to postpone, and one we intend to win.
(John F. Kennedy)
The second experiment featured in this secƟon is the systemaƟc invesƟgaƟon of plasma waves in
graphene ﬁeld-eﬀect transistors. Many of such devices have been invesƟgated with THz near-ﬁeld
microscopy and other complementary scanning probe microscopy techniques during the author’s
PhD Ɵme. Two device are analysed in full detail in this chapter. For this, the theory of s-SNOM
and higher-harmonic demodulaƟon of chapter 3.2.1 is combined with the theory of plasma waves
in ﬁeld-eﬀect transistors presented in secƟon 2.2. The experimental results are compared to the
predicƟons of this theory and compared to macroscopic characterizaƟons of the devices.
In secƟon 2.2.1 the fascinaƟng physical phenomena occurring in a two-dimensional electron ﬂuid
of a ﬁeld-eﬀect transitor (FET) are discussed. As the electron ﬂuid in a convenƟonal FET is buried
under the gate electrode, the possibiliƟes for invesƟgaƟon were very limited unƟl the recent years.
With the implementaƟon of graphene in FETs, this limitaƟon has been overcome. The graphene
can be processed without a capping layer and now allows for direct access to the electron ﬂuid.
The invesƟgaƟon of graphene ﬁeld-eﬀect transistors (GFETs) was proposed by Prof. Dr. Hartmut
Roskos and Dr. Amin Soltani (Goethe-Universität Frankfurt / Physikalisches InsƟtut) during the
author’s PhD thesis and carried out in close collaboraƟon. AddiƟonally to this thesis, the results
are discussed in a publicaƟon which is close to submission. The GFETs were supplied by the group
of Prof. Dr. Jan Stake and fabricated by Marlene Bonmann (Chalmers University of Technology,
Sweden / Microtechnology and Nanoscience, Terahertz and Millimeter Wave Laboratory).
107
6. Field-Eﬀect Transistors
Source Drain 
Gate 
Gate 
Gate 
Al2O3  
Si 2.7 µm 
1.8 µm 
Source 
Gate 
Drain 
Gate 
300 µm 
(a) (b) 
s-pol 
incident 
radiation 
p-pol 
scattered 
radiation 
Figure 6.1.1.: A top view opƟcal microscope image of the GFet device is shown in (a). A
bow-Ɵe antenna (Au) with a size of 300 m is designed to also include the
transistors’ connecƟons of source, drain and gate. A schemaƟc illustaƟon
of the device and the near-ﬁeld measurement is shown in (b).
6.1. Device Design
The devices in general consist of two large bowƟe antennas with the FET located in the middle of
them. The connecƟons for source, drain and gate electrodes are established through the bow-Ɵe
antennas which are connected to wires enabling the connecƟon of source measurement units
(see microscope picture in (a)). The antenna has a radius of 300 m for eﬃcient incoupling of
radiaƟon from a few hundred GHz up to a few THz. A schemaƟc close-up drawing of the transis-
tor and the near-ﬁeld measurement is depicted in (b). The device consists of several layers. The
top layers are the gold source and drain electrodes with a height of 150 nm and the gate elec-
trode with a height of 300 nm. The channel in between drain and source is connected through
a graphene sheet with a length of 2.7 m . To control the electric potenƟal of the graphene, the
gate electrode is parƟally convering the area beyond the channel (called boƩom gate electrode
during the further reading). The boƩom gate has been implemented with sloped edges into the
structure to achieve a smooth transiƟon from the area with the electrode below the graphene
(gated region) to the area without the gate electrode (ungated region). Without this feature, the
graphene layer would presumably exhibit strong mechanical stress on a sharp edge. As some of
the devices had breakdowns during the ﬁrst FEL shiŌs, this potenƟal origin for the breakdown
was removed together with others. TO control the charge carrier density of the channel, the gate
electrode is separated from the channel with a a layer of 25 nm thick Al2O3, which also prevents
a current ﬂow in between the gate electrode and the graphene. Although not visible in the illus-
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(b)   AFM topography (a)        SEM image 
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Figure 6.1.2.: SEM (a) and AFM (b) images of typical samples invesƟgated. Both show
the high quality of the device, but also some residuals from the sample
fabricaƟon. The adjustment of the greyscale in (b) was chosen to enhance
the visibility of the boƩom gate. Please note the SEM image and AFM scan
were performed on two diﬀerent devices.
traƟon, the gate electrode on top and beyond the Al2O3 are connected. The substrate is a 280
µm thick silicon wafer.
An overview of the structure is shown in ﬁgure 6.1.2. (a) features a typical SEM image of the
device. The top electrodes have a very good quality with sharp edges and a uniform surface. The
edges of the boƩom gate electrode are less well deﬁned and have some holes and cracks. The
graphene is easily observed as the thick dark stripe connecƟng the source and drain. It is more
grainy than the other areas and also shows a 1 m long structure in the boƩom right corner of the
graphene. An AFM measurement of another device is depicted in (b). Although the resoluƟon
is clearly worse than in the SEM image, the topography is nicely mapped. Here, the scale is ad-
justed to a the point where the sloped edges of the boƩom gate electrode and the slightly grainy
graphene layer become visible. In this scan a non-perfect sample processing is visible in the area
of the graphene, where an ellipƟc feature is visible in the topography. This feature is a result of
an imperfect sample fabricaƟon process and could be a hole in the graphene layer or a result of a
non-uniform Al2O3 layer. Such ﬂuctuaƟons from the fabricaƟon process can strongly disturbe the
s-SNOM response in the channel and must be taken into account carefully. Some samples were
contaminated to a degree where quanƟtaƟve analysis of the near-ﬁeld measurements becomes
untrustworthy.
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6.2. Data Analysis
In order to analyze the collected data and deduce quanƟtaƟve values, the theory of near-ﬁeld de-
tecƟon and the predicƟon made by Dyakonov and Shur need to be combined. During the collab-
oraƟon on this topic, several methods were proposed by Dr. Amin Soltani unƟl the collaborators
decided to choose the method presented below for the analysis and ﬁƫng of the data.
The near ﬁeld can in general be split up into two partsEnf = Em+Epl, whereEm represents the
ﬁeld aƩributed to the material and Epl the plasma wave. The total ﬁeld present at the sample is
then
Etotal = Ebe
ib + Em + E1e
 i(k0plx+pl)e k
00
plx| {z }
plasma wave
: (6.2.1)
Here, Eb is the background ﬁeld which accounts for scaƩering at the GFET structure,the sample,
Ɵp and the AFM. The plasma wave equaƟon is taken from secƟon 2.2. As we consider only the
ﬁrst order of the plasma wave, kpl is used as the plasma wave vector instead of k0 (see equa-
Ɵon 2.2.17). As the coeﬃcients C of the plasma wave equaƟon cannot determined in absolute
measures in our experiment anyway, they are represented by E1 in this calculaƟon. The detec-
tor in our experiment detects intensiƟes only, thus any contribuƟon with jei!tj = 1 and can be
neglected. The intensity at the detector reads
Itotal =Etotal  Etotal
=

Ebe
ib + Em + E1e
 i(k0plx+pl)e k
00
plx



Ebe
 ib + Em + E1e
i(k0plx+pl)e k
00
plx

=E2b + EbEme
ib + EbE1e
ibei(k
0
plx+pl)e k
00
plx
+ EmEbe
 ib + EmE1e
i(k0plx+pl)e k
00
plx
+ E2m + E1Ebe
 ibe i(k
0
plx+pl)e k
00
plx
+ EmE1e
 i(k0plx+pl)e k
00
plx + E21e
 2k00plx: (6.2.2)
Due to higher-harmonic demodulaƟon (see secƟon 3.2) the term containing only Eb can be ne-
glected. As these background ﬁelds are much larger than Em or E1, only mixed terms of back-
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ground and near-ﬁeld remain [118]. Hence the detected intensity reads
Itotal / 2EmEb cos(b) + E1e k00plx2Eb cos(k0plx+ pl + b): (6.2.3)
For the sake of simpliciƟy, b can assumed to be constant in the gated region, i.e. b = 0 leading
to the ﬁnal equaƟon of
Itotal / 2Eb 

Em + E1e
 k00plx cos(k0plx+ pl)

: (6.2.4)
Here, k0pl and k00pl depend on the plasma wave velocity s which depends on the applied gate volt-
age. They are given by
k0pl =
!
s
s
(1 + ! 2 2)1/2 + 1
2

; (6.2.5)
k00pl =
!
s
s
(1 + ! 2 2)1/2   1
2

and (6.2.6)
s =
s
eU0
me
: (6.2.7)
Hence, a change of the gate voltage should result in a change of the deduced plasma wave veloc-
ity. For this reason, linescans along the channel were repeated with diﬀerent gate voltages.
6.3. Near-Field Overview Scans
The GFETs were invesƟgated with the s-SNOM setup as described in secƟon 4.1 with a FEL wave-
length of  = 150 m1. For characterizaƟon of the samples, both overview near-ﬁeld scans and
linescans along the channel were performed. To achieve the best incoupling eﬃciency of the THz
ﬁeld to the antenna, the incoupling ﬁeld is mostly polarized along the antenna (s-polarized, blue).
The s-SNOMƟp scaƩers the near-ﬁeld into the InSb detector. With a p-polarized ﬁlter is mounted
in front of the detector, only the p-polarized part of the scaƩered light is shown.
Many of such devices were invesƟgated with the FEL in between 2017 and 2019 with both silicon-
based (PPP) and full-plaƟnum (RMN) Ɵps2. Below, overview near-ﬁeld scans are shown for two
1The experiment was also tried unsuccessfully at 230 m and at 75 m. For the laƩer case, the device antenna has
an insuﬃcient incoupling eﬃciency to induce a plasma wave. For the former case the reason is unknown.
2Nanosensors PPP-NCLPt and Rocky Mountain Nanotechnology 25PtIr200B-H
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devices of the same device, GT1 and JT1 at a frequency of 2 THz are presented and discussed.
An overview near-ﬁeld scan of the GT1 device with a PPP Ɵp is shown in ﬁgure 6.3.1. The topog-
raphy is shown in (a). The Ɵp radius is obviously much larger than in the measurement shown in
ﬁgure 6.1.2 due to Ɵp wear oﬀ. The corresponding mechanical phase of the canƟlever is shown
in (b). The phase is changed especially at edges of the structure as the Ɵp exhibits stronger inter-
acƟon with the sample in this area and consequently amplitude and phase of the canƟlever are
shiŌed (see appendix A.1). In the ﬁrst harmonic (c), the diﬀerent areas are clearly visible. The bot-
tom gate region is clearly the brightest and is relaƟvely uniform. Although the gold is covered by
a 20 nm Al2O3 layer, the near-ﬁeld is probed through this transparent layer [148]. This commonly
known eﬀect has been uƟlized in several near-ﬁeld experiments [56, 149]. Although previous
studies show a slightly stronger response of graphene with broadband THz radiaƟon [89], the
graphene is not directly visible at this wavelength. While the drain and the top gate electrodes
show a response in the same range, the source side has amuch lower near-ﬁeld amplitude. As the
canƟlever is located over the source side for all measurements shown here, we aƩribute this to
either shadowing eﬀects of the canƟlever or to the asymmetry of the Ɵp shaŌ leading to a change
in illuminaƟon of the antennas. Two facts support this thesis: Firstly, for some measurements,
the sample was rotated by 180 degree. In this case, the source side showed a much stronger
response than drain and gate. Such a measurement is shown in ﬁgure 6.3.3. Secondly, when this
measurement was repeated with the RMNƟp, the diﬀerence in amplitude wasmuch smaller (see
ﬁgure 6.3.2). Compared to the PPP Ɵp, the RMN is more symmetric and has a much longer Ɵp
shaŌ and thus the canƟlever is located further above the sample and will create less shadowing
eﬀect on the source antenna. At all the edges of the device, the signal is reduced due to scaƩer-
ing. This arƟfact is well known in s-SNOM but must be taken into account carefully when the data
is analysed.
The second and third harmonic near-ﬁeld signals are shown in (d). Here, two features in the
boƩom gate region become visible: Thin stripes of enhanced signal at the upper and lower end of
this region, aswell as enhanced signal at the source side. The former could be related to scaƩering
at the edge, but should in this case be most pronounced in the ﬁrst harmonic signal and not in
the second harmonic. In the third harmonic, the eﬀect is not visible anymore, but the noise level
might simply be too high there to observe such a small arƟfact. More likely, the origin for this
stripe could be an arƟfact from the higher-harmonic demodulaƟon. When the mechanical phase
of the canƟlever is analysed, instable condiƟons are found around the same posiƟons where the
stripes occur. When the mechanical phase becomes unstable, the Lock-In ampliﬁers for higher-
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Figure 6.3.1.: 8x8 m near-ﬁeld scan of the GT1 device with a PPP Ɵp. (a) shows the
topography, (b) the meachnical phase of the canƟlever. The integraƟon
Ɵme of the internal R9 Lock-In ampliﬁers is 100 ms with a ﬁlter of 48 dB.
First, second and third harmonic are presented in (c), (d) and (e), respec-
Ɵvely. The dashed red line marks the posiƟon where linescans are per-
formed for quanƟtaƟve analysis of the data.
harmonic demodulaƟon can produce arƟfacts as they compare the detector signals to the AC
drive voltage of the AFM controller. When the driving phase does not have a stable relaƟonship
to the actual phase of the canƟlever and it changes faster than the Lock-In ampliﬁer’s integraƟon
Ɵme, this unfortunately causes arƟfacts in the near-ﬁeld measurement. These arƟfacts might be
shiŌed a bit to the leŌ side, as the Lock-In integraƟon of 100mswill cause a delay. In this scan, the
scanning direcƟon is from right to leŌ. The arƟfact is clearly visible in the color scale, but is only
5 % larger than the amplitude at the boƩom gate region and hence is not very large compared
to the strongest feature of the measurement, which is described in the following. The brightest
feature in this measurement is a clearly enhanced signal at the source side of the boƩom gate
region. This signal might be aƩributed to the plasma wave predicted in secƟon 2.2 and will be
analysed further below in secƟon 6.4. The length of this feature is extended slightly further up
and down than expected by the area of graphene, however the resoluƟon of the Ɵp is clearly not
very good.
An overview scan of the JT1 device with idenƟcal geometry obtainedwith the RMNƟp is shown in
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Figure 6.3.2.: 9x9 m near-ﬁeld scan of the JT1 with a RMN Ɵp. The integraƟon Ɵme
of the internal R9 Lock-In ampliﬁers is 50 ms with a ﬁlter of 48 dB. First,
second and third harmonic are presented in (a), (b) and (c).
ﬁgure 6.3.2 for comparison. The topography is similar to the devices described before and shown
in (a). In the channel region some dirt parƟcles are visible. The mechanical phase is shown in (b).
Compared to themeasurement with the PPP Ɵp, the phase is muchmore stable and only changes
at the edges of the electrodes. (c) shows the ﬁrst harmonic data of the near-ﬁeld. Here, the
diﬀerence in between the signals of the source and drain electrodes is much smaller. The signal-
to-noise raƟo is much larger although the integraƟon Ɵme of the Lock-In ampliﬁer was reduced
to 50 ms. This matches the conclusion made in secƟon 4.1, where a beƩer near-ﬁeld response
of the RMN Ɵp in the THz region is expected. The signal also carries less arƟfacts compared to
the measurement with the PPP Ɵp, e. g. the edge-eﬀects are observed at much smaller length
scales. The background suppression works beƩer in this measurement, which can be observed
at the low signal level of the Al2O3 in the ﬁrst harmonic. In the second harmonic (d), arƟfacts in
the channel region due to dust parƟcles are clearly appearing as dark dots. In the third harmonic
(e), the noise level increases, but sƟll beats the results of the PPP Ɵp by far. In this measurement,
no feature aƩributed to a plasma wave can be observed in the overview scan. Frommacroscopic
recƟﬁcaƟon measurements of the device, a ten Ɵmes smaller response to THz radiaƟon of the
JT1 device compared to the GT1 device is esƟmated. This much smaller sensiƟvity might quite
likely be the reason why the plasma wave is not observed in the near-ﬁeld scans. Unfortunately,
interpretaƟon of this data via slow line scans with beƩer sensiƟvity is not possible due to the dirt
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Figure 6.3.3.: 10x10 m near-ﬁeld scan of the TF1 with a PPP Ɵp. Here, the device was
turned by 180 degrees and in order to invesƟgate the asymmetries of the
setup. The device has been assembled for reference measurements and
does not contain a graphene layer. (a) shows the topography. The ﬁrst
harmonic is depicted in (b). Here, the source electrode is much brighter
than the gate and drain electrodes. The second harmonic contains a high
level of noise, but shows the strongest signal at the source electrode as
well. This measurement shows clearly the asymmetry of the system as
described above.
in the channel, which inﬂuences the near-ﬁeld data too heavily.
6.4. Plasma Wave Examination
As observed in ﬁgure 6.3.1, a feature which might be aƩributed to a plasma wave is visible on the
source side of the channel. To gain quanƟtaƟve statements about this feature, linescans were
performed with diﬀerent voltages applied at the gate. To achieve a high signal-to-noise raƟo,
the integraƟon Ɵme of the Lock-In ampliﬁer was increased to 1 s and the lineƟme was chosen
to to 100 s, the maximum value possible with the R9 AFM controller. Each line consists of 512
pixels. To assure the quality of the device and to conﬁrm its funcƟonality, the following steps
were performed during the experiment: AŌer each near-ﬁeld measurement, an IV-curve of the
transistor was collected to verify the device did not degrade in between the measurements. At
the beginning and at the end of the experiment, the DC response on the THz ﬁeld (see secƟon
2.2, oŌen called recƟﬁcaƟon in literature) of the device was veriﬁed using a chopper in the THz
beam and a Lock-In ampliﬁer while measuring the current induced in between source and drain
due to irradiaƟon of the device. This indirect proof of the plasma wave assures that the device in
principle is worth to be examined.
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Figure 6.4.1.: Near-ﬁeld data for two individual lines aŌer driŌ correcƟon. The averaged
signal is ploƩed with the dashed line in black. The lines are in very good
agreement and show the reproducibility of the method.
The near-ﬁeld experimentwas performed as describe below. Each linewas collected at least twice
per scanning direcƟon. They were checked for arƟfacts occurring from, e. g., large dirt parƟcles.
The correct posiƟon perpendicular to the line (up and down in ﬁgure 6.3.1) was conﬁrmed aŌer
each change of the gate voltage. Due to driŌs during this long lineƟme, a slight shiŌ along the
scanning direcƟon of each line is possible. To compensate this, each lineshiŌ was corrected via
the topography data before mulƟple lines were averaged. To exclude other arƟfacts, the forward
and backward lines were compared for each measurement, which showed a good reproducibility
of the method. As an example, the outcome of this procedure for the second harmonic is ploƩed
in ﬁgure 6.4.1 for the measurement of the GT1 device with a gate voltage of 0 V. Here, the two
lines (green, magenta) are in good agreement. The averaged line (black, doƩed) deviates only
slightly from the two single lines. Due to the long integraƟon Ɵme of the Lock-In ampliﬁer, the
peaks in the near-ﬁeld are not exactly at the same posiƟon in forward and backward direcƟon
when compared to the topography data. When scanning forward (or leŌ), the peaks are shiŌed
towards the leŌ and when scanning backwards (or right), the peaks are shiŌed towards the right.
Since the absolute posiƟon of the peaks compared to the gate electrode is of high importance,
the middle posiƟons of the peaks in forward and backward direcƟon were chosen as the correct
posiƟon of the peaks.
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GT1 device analysis
The near-ﬁeld signal of such a corrected linescan obtained on the GT1 device with a PPP Ɵp is
presented in ﬁgure 6.4.2. For the correct determinaƟon of the gate region, the sample was inves-
Ɵgatedwith a commercial closed-loop AFM3. The posiƟons aremarkedwith blue lines in the third
harmonic near-ﬁeld informaƟon. On the source side, a peak with an amplitude of roughly 0.5 mV
is clearly visible exactly at the start of the gate region. As resoluƟon of s-SNOM is limited and the
gates’ DC ﬁeld is not completely bound to the end of the boƩom gate, the signal is enlarged also
outside the gate region. The peak decays aŌer several hundred nanometers towards the drain
to a value of less than 0.4 mV, which is the near-ﬁeld amplitude arising from the gold boƩom
gate electrode itself (Em in the ﬁƫng procedure). The wave is almost completely overdamped, a
second lobe is barely visible in this data due to strong damping of the electrons in the graphene.
The origin of small modulaƟon (few percent) visible in the range of 1 to 2.3 m is not clear. How-
ever, smallest grains and residuals from the sample fabricaƟon inﬂuence the distant-dependent
near-ﬁeld quite strongly. This could be an explanaƟon of the modulaƟon. Due to the very long
lineƟme, the topography data is reliable enough to properly correlate the near-ﬁeld data to such
small features in the topography. A second possible explanaƟon could be a plasmon mode in the
graphene which could be exited via the Ɵp and reﬂect at the graphene borders simililar to [71,
72]. However, such plasmon modes are not expected in graphene at this THz frequency [150].
Outside the channel, the signal decays as Em changes when the Ɵp is not above the gate any-
more and due to edge eﬀects when the Ɵp reaches the source and drain electrode, also visible
in the overview scan. To prove the origin of the peak is not related to the topography, devices
with the same geometry but without the graphene layer were invesƟgated as well. The general
behavior of this device is similar, however no plasma wave could be observed (see ﬁgure 6.4.3).
The signal-to-noise raƟo is not as good as compared to the GT1 device, however it is sƟll good
enough to observe a feature as large as observed in ﬁgure 6.4.2.
EquaƟon 6.2.4 was ﬁƩed to the experimental data as shown in ﬁgure 6.4.4 (a). A slight change
of the slope is visible when the gate voltage is changed and will be analysed further below. How-
ever, the change is expected to be fairly small, as the plasma wave velocity only weakly reacts to
the charge carrier density with s / n1/4. For ideal graphene n / jUg   UCNP j, where UCNP is
the charge neutrality point, which will be discussed below. In a realisƟc system suﬀering from im-
puriƟes, defects and inhomogeniƟes, this dependence becomes much smaller (especially around
UCNP ).
3Asylum Research Cypher AFM
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Figure 6.4.2.: Third harmonic near-ﬁeld data of a linescan performed on the GT1 device
with a gate voltage of 0 V and a power of 45 mW at the sample. The
doƩed lines mark the posiƟons of the channel and gate region. The red
rectangle shows the contribuƟon to the near-ﬁeld signal arising from the
gold gate, which is represented by Em in equaƟon 6.2.3.
.
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Figure 6.4.3.: First harmonic near-ﬁeld data of a linescan performed on the BT1 refer-
ence device with standard illuminaƟon. Here, no feature associated with
a plasma wave could be observed. The noise level is larger than compared
to the GT1 device, but sƟll low enough to detect a large feature as visible
in 6.4.2.
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Figure 6.4.4.: Linescan data: (a) Corrected third harmonic near-ﬁeld data (dots) for dif-
ferent gate voltages on the GT1 device. The corresponding ﬁts of the data
are ploƩed with solid lines. Please note that the data is ploƩed with oﬀ-
sets for beƩer visibility. (b) shows the deduced values for the plasma wave
velocity with the red line for  = 55 fs.
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Figure 6.4.5.: (a) IV-Curve of the GT1 device under THz radiaƟon. The CNP is at 3.2 V. The
calculaƟon of the plasma-wave velocity s and the measured values are
shown in (b). Both the macroscopic and the nanoscopic measurements
are in decent agreement.
The values for s deduced assuming diﬀerent electron scaƩering Ɵmes ranging from 40-70 fs, val-
ues which have been reported in several experiments for exfoliated graphene [151–153]. The
peak height of the measured data is a bit larger than expected from the theory. From the dataset
the origin of this mismatch cannot be explained, however one of the small oscillaƟons visible in
the data could also be present at a posiƟon of 0 m and enlarge the signal. The results are shown
in ﬁgure 6.4.4 (b). The red dots show the calculaƟon for a scaƩering Ɵme of  = 55 fs compared
to the Fermi velocity vF 4. The obtained plasma wave velocity is 6.5 vF for a gate voltage Ug = -3
V and decreases down to 4 vF at a voltage of 3 V. For higher voltages, it rises again up to almost 5
vF . The grey data shows the ﬁƫng results for  = 40 fs up to  = 70 fs. The behavior is in general
the same, however smaller scaƩering Ɵmes lead to larger s and larger scaƩering Ɵmes to smaller
s.
GFETs have been invesƟgated in their applicaƟon as transistors both in theory [154] and applica-
Ɵon [35, 36, 155, 156]. As menƟoned before, the charge neutrality point is an important quanƟty
in such a device. It is the point where an equal amount of electrons and holes is reached in
the graphene through the applicaƟon of a gate voltage. On the one hand, the CNP determines
the point at which the conducƟvity of the GFET is the lowest. On the other hand, from plasma
wave theories extended to GFETs [157] the expected lowest plasma wave velocity is at the CNP.
4The Fermi velocity corresponds to the Fermi energy EF and hence is the velocity of the fastest electron in the
semiconductor when cooled down close to zero temperature. Here, we assume vF = 1m/ps.
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Consequently, the CNP is very well suited to connect macroscopic and nanoscopic results of the
experiment. For the GT1 device, the conducƟvity of the channel was measured in between each
linescan performed on the device to evaluate the performance, possible driŌs and the inﬂuence
of the strong THz radiaƟon on the device. A typical IV-curve is depicted in 6.4.5 (a). Here, the cur-
rent Ids has the lowest value of  12 A at a gate voltage of 3.2 V and rises up to  21.5 A for
a gate voltage of -2 V. The raƟo in between these two values is the so-called ON/OFF raƟo and is
Ɵny compared to a any commercially available transistor based on classic semiconductors, where
a raƟo of 10000 can be found. Graphene-based transistors can have a raƟo 500 Ɵmes larger than
the devices of this work [158], when they are opƟmized for this parƟcular issue. In this case, the
design was opƟmized for near-ﬁeldmeasurements, explaining this huge diﬀerence. However, the
ON/OFF raƟo is not important for the plasma waves’ behavior. (b) shows the comparison of the
plasma wave velocity to the IV-curve. Here, the measured CNP was used to calculate s with the
theory of [157]. The deduced values for s are shown with the red dots. They are in decent agree-
ment with the calculaƟon shown in black. To check the consistency further, more experimental
values are needed. Unfortunately, the steep decrease of s at the CNP can neither be conﬁrmed
nor be ruled out with this measurement as voltage step sizes of roughly 0.2 V would be needed
to further examine the plasma wave’s behavior at the CNP.
HT3 device analysis
A second experiment on another device was performed few month later to conﬁrm the experi-
mental results. The device was fabricated in an independent process run, another Ɵp was used
and the setup was realigned completely. The data analysis aŌer the experiment was performed
in the same way as described above. The results are summarized in ﬁgure 6.4.6.
Overall, similar results could be obtained. For this device, the plasma wave occured at the drain
side of the channel. This could be a reason of changes of the asymmetries in the setup, e. g. from
diﬀerent alignment of the laser. However, as explained in secƟon 2.2, the boundary condiƟons on
source and drain are arbitrarily chosen and can be interchangedwithout loss of generality and the
plasma wave can be induced from either side of the channel. Hence, the data analysis has been
performed in the sameway as before. The linescans and their ﬁts to equaƟon 6.2.4 are presented
in ﬁgure 6.4.6 (a). For this device, the noise level is lower and the ﬁts are in beƩer agreement with
the experimental values. From the ﬁts, the plasma wave velocity is deduced assuming electron
scaƩering Ɵmes in between  = 25 - 60 fs. The red line marks the ﬁt with  = 40 fs. The plasma
wave velocity is s  5.75vF for a gate voltage of -2V and decreases below 4vF before it increases
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Figure 6.4.6.: Linescan data: (a) Corrected second harmonic near-ﬁeld data (dots) for
diﬀerent gate voltages on the HT3 device. The corresponding ﬁts of the
data are ploƩed with the lines. (b) shows the deduced values for the
plasma wave velocity.
to s  5vF for a posiƟve gate voltage of 2V. The plasma wave velocity is a bit lower than observed
on the GT1 device, but is in the same range and can be very like varying from device to device
due to uncertainƟes during the fabricaƟon.
The corresponding IV-curve for device HT3 is shown in ﬁgure 6.4.7 (a). The absolute current and
the ON/OFF raƟo are similar to the GT1 device, however the CNP is at 0.3 V here. This diﬀerence
emphasizes the sensiƟvity of the graphene’s electrical potenƟal to the fabricaƟon details and/or
possibly the air-exposure history as chemical reacƟons cannot be excluded under ambient condi-
Ɵons. The deduced plasma wave velociƟes for  = 40 fs are compared to the theorecƟcal values
of [157]. Here, the data ﬁts quite well to the calculaƟon (see ﬁgure 6.4.7 (b)), however the density
of measurement points is again not suﬃcient to properly map the area of very low s around the
CNP.
In this measurement run, the recƟﬁcaƟon of the device was studied in more detail. Figure 6.4.7
(c) features ameasurement of the recƟﬁcaƟon current as a funcƟon of the gate voltage. The func-
Ɵonal dependence is as expected [34]. The data shows a strong hysteresis where the minimum is
shiŌed by 0.8 V, depending on the measurement direcƟon. This behavior can be explained by
signiﬁcant inﬂuence of impuriƟes in the device. At lower and larger voltages, the recƟﬁcaƟon is
rising. Here, the device is more sensiƟve towards the THz radiaƟon. The recƟﬁcaƟon data roughly
ﬁts to the IV-curve and to the near-ﬁeld measurement, although the hysteresis is muchmore pro-
nounced for this measurement. During the measurement of several hours a driŌ of the IV-curve
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Figure 6.4.7.: (a) IV-Curve of the HT3 device under THz radiaƟon. The CNP is at 0.3 V. The
calculaƟon of the plasma-wave velocity s and the measured values are
shown in (b). The recƟﬁcaƟon as a funcƟon of the applied gate voltage is
shown in (c), here, the largest values could be achieved far from the CNP.
When direcƟon of the measurement is changed, a hysteresis of 0.8 V can
be observed. Both the macroscopic and the nanoscopic measurements
are in decent agreement.
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could be observed. As the recƟﬁcaƟon measurement was performed in the ﬁrst few minutes of
exposure to the THz ﬁeld, this could explain a driŌs at later stages of the experiment and thus the
mismatch to the IV-curve.
6.5. Conclusion
With the results obtained above, we are certain that the plasmawave predicted by Dyakonov and
Shur has successfully been mapped directly for the ﬁrst Ɵme. Two devices from diﬀerent fabrica-
Ɵon runs showed near-ﬁeld responses which can be aƩributed to plasma waves. Both datasets
were collected months apart from each other obtained with diﬀerent AFM Ɵps and alignment.
The reacƟon to an applied bias delivered the expected response of the charge carrier dynamics in
the GFETs. The deduced plasma wave velociƟes are in good agreement to literature expectaƟons
[159, 160]. Although the velociƟes depend on many parameters, the calculaƟons lead to plasma
wave velociƟes of s = 4  8vf at room temperature, completely matching our ﬁndings.
The origin of the small oscillaƟons in the GT1 device remains unveriﬁed, however some possible
origins are discussed at this point. For the following thoughts, please note the signature of the
small oscillaƟons remains unchanged with diﬀerent gate voltages. The change of signal is small
compared to the main peak of the plasma wave, but can inﬂuence the deduced plasma wave
velociƟes, as the ﬁƫng of an overdamped plasma wave will be quite sensiƟve to such changes.
Firstly, small scaƩerers could be the reason for these unexpected signal changes. They could be
located in between the graphene and the Al2O3 or the between Al2O3 and the gold electrode.
They can lead to small areas of enhanced local ﬁeld and lead to ﬂuctuaƟons in the signal. A
second possibility are dirt parƟcles which can be located in between the gold gate electrode and
the Al2O3 or the Al2O3 and the graphene respecƟvely. In this case the eﬀecƟve distance of the Ɵp
to the gold gate could be changed, leading to a change to the very distance-sensiƟve near-ﬁeld
signal. This behavior was observed in devices with lower processing quality and is visible in ﬁgure
6.3.2. A third point to consider is the reﬂecƟon of the plasma wave at the Ɵp. Here, a wave could
possibly travel to another edge and reﬂect back to theƟp. In this caseweexpect thewavelength of
the standing wave paƩern to be half of the plasma wave, however we observe rather a quarter.
In the recent years, Ɵp-launched plasmons have been in the scope of many scienƟst [71, 72],
however such plasmons are not expected on graphene at the wavelength of 2 THz [150]. From
the plasmawaves’ theory when higher orders of the diﬀerenƟal equaƟons are regarded, however
such higher harmonics are excited very ineﬃciently and would occur at mulƟples of the incident
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THz frequency [157] and would not be detected with the InSb bolometer. In the HT3 devices, the
small oscillaƟons are not as stable compared to the GT1 device, however the same though apply
and none of the proposed origins explains the observes ﬂuctuaƟons.
As the plasma wave’s signal is fairly small and the free-electron laser FELBE is noisy compared
to any table-top laser, long Lock-In integraƟon were needed for the measurement. CollecƟng a
complete dataset with recƟﬁcaƟonmeasurement, IV-curves and near-ﬁeld linescans takes several
hours, which implies the issue of driŌs. While driŌs in the AFM could be taken care of by checking
the Ɵp’s posiƟon aŌer each linescan, the driŌs of the CNP cannot be compensated for. However,
the shiŌ of the CNP was strongest shortly aŌer it was placed in the setup and irradiated for the
ﬁrst Ɵme. When the quanƟtaƟve near-ﬁeld invesƟgaƟons were started, driŌs of the CNP were
comparably small.
For higher certainty and beƩer quality during the invesƟgaƟon, a device with lower damping is
needed. In general the graphene could be processed on or encapsulated with hexagonal boron
nitride to strongly increase the electron scaƩering Ɵme [161]. This would certainly allow for a
wave appearing with several maxima or even a standing wave in the channel of the device. A
second possibility is an experiment at low temperatures, which is possible with a cryogenic near-
ﬁeld microscope located in the same laboratory [63, 64]. Here, standing wave paƩerns could
be observed when the device is cooled down to liquid helium temperatures [25, 26]. However,
such an experiment at the free-electron laser is very challenging, as cryogenic s-SNOMs are far
more complex and tend to suﬀer from dirt-condensaƟon of the devices due to condensaƟon of
parƟcles at the sample. However, with rapid development of electronic radiaƟon sources in the
few-hundred GHz range, a successful combinaƟon of a low temperature s-SNOM with such a
table-top device seems to be an approach with prospect of success. A table-top radiaƟon source
would grant much more measurement Ɵme and would certainly help to collect more data points
with smaller spacing in between the gate voltages.
The applied gate voltage can in general lead to an electrostaƟc force in between Ɵp and sample,
changing the eﬀecƟve distance of the Ɵp and hence the near-ﬁeld response. In our measure-
ment, one could argue that the peaks arising from the plasma wave could be broadened due to
the eﬀecƟvely larger Ɵp distance, as the resoluƟon of the near-ﬁeld microscope is worse in this
case. However, we observed the plasma waves on two devices with totally diﬀerent CNP. An
electrostaƟc arƟfact would occur at the same voltage (most likely at 0 V) for both devices and is
for this reason quite unlikely. To fully exclude this arƟfact, a Kelvin-Probe Force Microscopy (see
appendix A.1) control loop running at the same Ɵme can be applied. However, graphene screens
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DC potenƟal quite well [162], minimizing the impact of electrostaƟc forces acƟng in between Ɵp
and sample. During this measurement we refrained from the use of this technique, as a voltage
at the Ɵp could either break or inﬂuence the device strongly.
This measurements shown in this chapter show that the plasmawave is involved in the process of
THz detecƟon in FETs. Nonetheless, it does not exclude that photothermal eﬀects are occuring at
the same Ɵme. As the plasma wave is the origin for THz emission in such a device, the knowledge
gained with this measurement can be uƟlized to opƟmize FET-based THz sources. If the emission
eﬃciency rises to a value suitable for most applicaƟons, FET-based emiƩers would by far be the
cheapest THz sources on themarket as semiconductor processing is a scaleable process. Another
ﬁeld of applicaƟon would be THz communicaƟon via FETs, which could enable unforeseen data
rates. At this moment it is unclear whether the opƟmizaƟon of these devices to such a point will
suceed or not.
TEST
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Der Mensch ist nie zufrieden.
(Rosa Luxemburg)
Goal of this work was the applicaƟon of infrared and THz s-SNOM to invesƟgate nanoscale charge
carrier distribuƟons. While a new method has been introduced to employ table-top infrared
radiaƟon for the probing of the pump-induced carriers, THz radiaƟon from the free-electron laser
has been applied to invesƟgate plasma waves in graphene ﬁeld-eﬀect transistors.
The theoreƟcal part of the work contains two chapters. The ﬁrst chapter gives an overview of
the sample systems, as well as the applied experimental techniques in this work. The inﬂuence of
charge carriers to the permiƫvity of semiconductors is described with the Drude model. As the
charge carriers can deliberately be excited by short and intense laser pulses, transient states are
described in this secƟon as well. The main conclusion is an enhanced sensiƟvity of THz radiaƟon
to smaller charge carrier densiƟes, both in ground and transient states. However, with intense
pump laser systems, infrared radiaƟon can sƟll be a good choice for probing these transient states.
Graphene ﬁeld-eﬀect transistors and their fascinaƟng properƟes are theoreƟcally described as a
second sample system. AŌerwards, near-ﬁeld microscopy and THz opƟcs are described concep-
tual. The second chapter gives a detailed descripƟon of s-SNOM theory with the analyƟcal dipole
model that describes several detecƟon techniques in order to suppress background scaƩering.
The model is extended to include the occurance of sidebands appearing under the inﬂuence of
low repeƟƟon-rate pulsed laser. At last, a numerical simulaƟon is chosen to invesƟgate the inﬂu-
ence of the Ɵp shape in infrared and THz s-SNOM.
In this work, three diﬀerent near-ﬁeld setups have been set up and are described in a dedicated
chapter. While the setup at the free-electron laser FELBE for the invesƟgaƟon of GFETs and the
table-top infrared setup for the invesƟgaƟon of sidebands are similar, TDS-SNOM employs an-
other detecƟon technique, allowing for the deducƟon of the full amplitude and phase informa-
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Ɵon of the near-ﬁeld interacƟon.
With the FELBE setup, the superiority of full plaƟnum RockyMountain Nanotechnology Ɵps com-
pared to standard silicon-based Ɵps for THz-SNOM has been shown clearly. The possibility to ex-
tract the full amplitude and phase informaƟon in the TDS-SNOM setup demonstrates that these
Ɵps have a geometrical resonance in the low THz range, as expected by numerical simulaƟons
performed in the theory chapter. A nanoscale material contrast on a Si/SiO2 structure could be
observed with the TDS-SNOM as well. Although the THz radiaƟon had a pulse repeƟƟon rate of
only 200 kHz and the setup has thus operated close to the Shannon-Niquist sampling limit, the
measurement performed proof that the setup can be combined with the TELBE beamline.
The sidebands inducedwith an intense near-infrared pulse laser were analyzed in detail in the ap-
plicaƟon chapterwith both distant-dependentmeasurements and near-ﬁeld scans. Here, physical
and technical aspects were analyzed in detail. The existence of higher-order sidebands has been
proven and a nanoscale material contrast via the demodulaƟon of sidebands has been shown on
a germanium/gold nanostructure.
The demodulaƟon technique applied in this work is rather slow leading to high demands on the
stability of the whole setup. Here, the applicaƟon of state-of-the-art Lock-In ampliﬁers [124]
would certainly pay oﬀ due to their ability to demodulate more than one sideband at once. An-
other way to invesƟgate the sidebands could also be a sample where the sample properƟes are
modulated electrically instead of opƟcally. This would simplify themeasurement and - depending
on the sample design - could strongly reduce arƟfacts if the excited areas are small.
Both macroscopic and nanoscopic measurements of graphene ﬁeld-eﬀect transistor devices are
described and analyzed in the second result chapter. Signatures associated with plasma waves
could be found and a parameter study for diﬀerent gate voltages show an agreement of the data
with theoreƟcal predicƟons. Unfortunately, the damping of plasmons in the graphene is too large
at this frequency to excite a propagaƟng wave which would show several maxima. The aƩempt
to use a higher THz frequency was unsuccessful as the applied bow-Ɵe antenna is not designed
to work at this frequency. The origin of smaller oscillaƟon visible in the dataset remains unclear
and can be part of future invesƟgaƟon.
As the invesƟgaƟon of the plasma waves is of high interest for the scienƟﬁc community and also
for the implementaƟon of FET transistors both for THz detecƟon and emission, some improve-
ments for the experiment are suggested at this point: The most promising approach is the en-
hancement of the mobility/scaƩering Ɵme of the charge carriers in the graphene to exhibit less
damping in the channel. This could be performed with low-temperature s-SNOM at the free-
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electron laser FELBE, where standing plasma-waves could be observed in the channel. However,
this approach would not change the inﬂuences of local scaƩerers, is technically very challenging
and falls into the category of a high-risk-high-gain experiment. A second approach is the imple-
mentaƟon of hexagonal boron nitride (h-BN) into the device. With the deposiƟon of graphene
onto h-BN, themobility of the charge carriers can be enhanced by a factor of ten [163], which will
easily result in a standing plasma wave in the channel. However, the deposiƟon of h-BN is not yet
as well established in the collaboraƟon as classic device fabricaƟon methods for other materials
and might be demanding.
In conclusion, the plasma waves predicted by Diakonov and Shur could directly be observed for
the ﬁrst Ɵme. The results open the pathway to further invesƟgaƟons and the applicaƟon of such
devices in micro- and nano-electronics.
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Nothing compares to the simple pleasure of a bike ride.
(John F. Kennedy)
A.1. Scanning Probe Microscopy
Scanning Probe Microscopy (SPM) is an umbrella term for a vast number of techniques which are
generally located in the ﬁeld of microscopy. The main idea of SPM is to uƟlize a nano-probe to
measure one or several physical quanƟƟes with a point-by-point approach to obtain a picture with
2D informaƟon. In this chapter, the ﬁrst scanning-probe technique is brieﬂy explained followed by
the fundamentals of atomic force microscopy, the basis for all techniques applied in chapter A.2.
Lastly, the concepts of near-ﬁeld microscopy are presented.
As the AFM used in the experiments is home-build and was specially designed for this work, the
well-established atomic force microscopy and related techniques are brieﬂy explained in the ap-
pendix. The performance of the device is crucial for all near-ﬁeld measurements shown in this
work and is evaluated in secƟon A.2.
The term Scanning Probe Microscopy in general pools various techniques which are applied in
order to invesƟgate a sample with very high resoluƟon using a small probe and a point-by-point
approach. The development of this technique had an enourmous impact on the scienƟﬁc com-
munity. Before its invenƟon, all microscopy techniques were either strongly limited in resoluƟon
(e.g. opƟcal microscopes) or invasive (e.g. scanning electron microscopes) and could only extract
few of the physical properƟes. The ﬁrst SPM was the scanning tunneling microscope invented by
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Binning and Rohrer in 1982 [164]. Their developement was awarded the Nobel Prize only four
years later. Today, a scanning tunneling microscope can easily reach (sub-)atomic resoluƟon.
Binning and Rohrer used piezo actuactors and an acƟve control loop for their ﬁrst STM. Theymea-
sured the tunneling currect ﬂowing from Ɵp to the sample to successfully image single atoms.
Keeping the current constant, the sample was scanned line by line to obtain a 2D image of the
topography of the sample. To avoid the Ɵp from crashing into the surface or leaving the tunneling
regime, a piezo actuator moved the Ɵp up and down via a control loop. This general concept of
acƟvely controlling the size of a measured quanƟƟty and line-by-line data aquisiƟon is applied in
almost all scanning probe techniques. It is the key feature for well deﬁned measurement condi-
Ɵons and minimal impact on Ɵp and sample due to wear-oﬀ.
Countless types of SPM have been developed in the recents decades. This chapter features the
theory of several modes of operaƟon applied in this work using the home-built T-Bone atomic
force microscope. Typical measurements with these SPM/AFM modes are shown in the setup
chapter A.2.
Atomic Force Microscopy
To overcome the limitaƟon to conducƟve samples in STM, Binning invented the Atomic Force
Microscope (AFM) only few years later [165]. Instead of measuring and acƟvely controlling the
tunneling current, the force in between Ɵp and sample was chosen as a physical quanƟty. The
working principle of anAFM is schemaƟcally shown in A.1.1. TheƟp ismounted to a canƟlever and
brought into close vicinity of the sample. The backside of the canƟlever illuminated by a focused
laser and reﬂects the beam onto a four-quadrant diode. The laser beam is usually aligned to the
center of the detector in order to level the signals of each quadrant. The signals processed by an
AFM controller, which usually calculates the so-called top-boƩom signal TB = A+B  (C+B)
and the leŌ-right signalLR = A+C (B+D). Whenever the Ɵp reaches a topographic feature
of the sample, the canƟlever is bent and the point of the reﬂecƟon is shiŌed upwards on the four
quadrant diode, leading to change in the TB signal. If the Ɵp exhibits a torque, the reﬂecƟon on
the four-quadrant diode is shiŌed in leŌor right direcƟon resulƟng in a change ofLR. The readout
by the four-quadrant photodiode is parƟcularly sensiƟve if the distance in between canƟlever and
the photodiode is large. For best performance, the spot size of the laser focus should be smaller
than the canƟlever width to avoid interference of light scaƩered on the sample with light from
the reﬂecƟon. A second approach for the canƟlever read-out is an interferometric detecƟon via
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an opƟcal ﬁber placed on top of the canƟlever. Gaining enormous sensiƟvity on the bending of
the canƟlever [166], the sensiƟvity on torsion is lost completely. Such read-out is usually applied
to measure extremely small forces present for example in magneƟc force microscopy [167].
4Q diode 
sample 
Figure A.1.1.: SchemaƟc drawing of an AFM. The Ɵp is mounted on a canƟlever and
touch the sample surface on the other side. A laser diode is focused on the
canƟlever back, the reﬂecƟon hit a four-quadrant photodiode. Whenever
the Ɵp moves over an object on the sample, the canƟlever is bent (shown
with the transparent sketch) and the reﬂected beam is hiƫng the four-
quandrant photodiode on a diﬀerent posiƟon (dashed line).
Most commercially available Ɵps are made out of monocrystalline n-doped silicon and have very
high quality standarts and reproduceability. The sƟﬀness k of the canƟlever is usually in the range
of 0.2 - 50 N/m [168] and the eﬀecƟve Ɵp apex are below 10 nm. If the Ɵp is coated with a con-
ducƟve coaƟng, the radius is in the range of 20 nm. Tips can be coated with conducƟng diamond,
some companies also oﬀer Ɵps made of silicon nitride [169].
The forces acƟng on the Ɵp when it is approached to the sample are on the one hand aƩracƟve,
long-ranging van-der-Waals and electrostaƟc forces, on the other hand short ranging repulsive
forces due to the Pauli principle. The combinaƟon of these forces is commonly approximated by
the Lennard-Jones-(12,6)-potenƟal given with
133
A. Appendix
0,8 1,0 1,2 1,4 1,6 1,8 2,0-2
-1
0
1
2
pot
ent
ial [
a.u
.]
r/r0
 attractive potential repulsive potential Lennard-Jones
Figure A.1.2.: Lennard-Jones potenƟal for the 12th potency on the repulsive term. Here,
two point atoms are assumed to interact. The long-range interacƟon is
dominated by the aƩracƟve potenƟal (black), the short range is domi-
nated by the repulsive potenƟal (red). Together, they add up to the blue
Lennard-Jones potenƟal. The potenƟal crosses zero at a value of r0, the
lowest point is reached at 1:12r0. The depth of the combined potenƟal
depends on the factors Cr and Ca. In the shown case, both were chosen
to one for simplicity.
CLJ =
Cr
r12|{z}
repulsive
  Ca
r6|{z}
attractive
(A.1.1)
where Cr and Ca are material constants. The 12th potency is chosen for simplicity during calcu-
laƟon and can also be chosen to other values larger than 6. The aƩracƟve term is negaƟve and
dominaƟng the bahavior for large distances leading to an aƩracƟve force in between Ɵp and sam-
ple. For smaller distances the repulsive term with posiƟve values becomes much larger laeding
to a repulsive force. The point of zero force acƟng on the Ɵp is at  1:12r0, whereas r0 is the
point where the potenƟal crosses zero.
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Contact Mode
On the long list of AFM modes, contact mode was the ﬁrst one to be successfully implemented,
due to its the simplicity. The canƟlever is approached to the sample surface unƟl it is bend to
a point where the TB signal reaches a desired value. The TB signal is constantly compared to
the setpoint in the AFM controller. Whenever it is lower than the setpoint, sample and Ɵp are
approached further. In the opposite case, the Ɵp is pulled back. With opƟmized p-i-gain seƫngs,
the Ɵp’s displacement can be controlled in the sub-Å range. During a lateral scan, topographic
features change the displacementwhich is then compensated by the control loop. From this data,
the topographic informaƟon can be recovered with the AFM controller soŌware. The mode is
simple to handle and easily reaches atomic resoluƟonbut has the disadvantage of solely operaƟng
in the repulsive regime, where the Ɵp is worn oﬀ quickly and might even damage the sample
during scanning. Due to the forces acƟng on the Ɵp and sample, the mode is also not suitable
for soŌ materials (e.g. biologic samples.) For these reasons, contact mode is usually only chosen
when very high topopgraphic sensiƟvity is needed or when an ohmic contact in between Ɵp and
sample is needed, like conducƟve AFM (c-AFM) or piezoresponse force microscopy (AFM).
Piezoresponse Force Microscopy
In piezoresponse force microscopy (PFM) the AFM is operated in contact mode while an AC volt-
age is applied in between Ɵp and sample. This mode is used to map the spontaneous formaƟon
of ferroelectric domains via the converse piezoelectric eﬀect.
Piezoelectric materials develop mechanical stress when they exhibit an electric ﬁeld. The strain
is given with
ej = dijEi with i = 1; 2; 3 and j = 1; 2; 3; 4; 5; 6 (A.1.2)
when Voigt notaƟon is applied [170]. ej with j = 1; 2; 3 represents normal stress along the
three axis, whereas j = 4; 5; 6 denotes shear stress. The symmetry of the invesƟgated crystal
determines the non-zero elements of the 6x3 piezoelectric tensor dij . An overview for diﬀerent
laƫce structures is given in [170].
Of all the piezoelectric material groups, some are pyroelectric, meaning they develope a sponta-
neous polarizaƟon below the Curie temperature TC . Here, the low symmetry leads to a uneven
distribuƟon of charges in the unit cell. To reduce electrostaƟc energy, the crystal forms domains
of diﬀerent polarizaƟon direcƟons. Depending on the polarizaƟon of a domain, the crystal will
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react diﬀerently on an applied ﬁeld. Material systems, where the polarizaƟon can be deliberately
changed in between states by a strong electric ﬁelds, are called ferroelectric.
The strain and hence the deformaƟon of a crystal can be measured with an AFM with nanoscale
resoluƟon. A schemaƟc drawing of the setup is shown in A.1.3. Compared to a normal AFM setup,
the sample should be grown or mounted on a conducƟve material to allow for the applicaƟon of
a voltage in between Ɵp and sample. For simplicity, the polarizaƟon of the crystal is either facing
up or down (so-called c+- and c - domains). The area below the Ɵp exhibits an electric ﬁeld
leading to an expansion or shrinking of the crystal along the z-axis, causing the Ɵp to get slightly
displaced. To separate the expansion from the topography, an AC voltage is applied. Inﬂuences
on the displacement are constant as the setpoint is chosen constant, inﬂuences of the AC voltage
are modulaƟng the four-quadrant diode signal at the AC frequency. With a lock-in ampliﬁer, this
signal can be detecƟon with enourmous sensiƟvity, signal-to-noise raƟo and ampliﬁcaƟon [124].
When performing PFM measurements, the AC frequency must be chosen speciﬁcally for each
applicaƟon. For materials with large piezoelectric tensors, a non-resonant frequency of few kHz
is the best choice, as it oﬀers very stable operaƟon even when scanning parameters change. For
materials with small piezoelectric tensors, the signal at low frequencies is too small to be de-
tected. Here, the PFM frequency is sweeped to ﬁnd the PFM contact resonance frequency. It is
usually locaƟon at 3-5 Ɵmes the mechanical eigenfrequency of the canƟlever. A typical sweep
is shown in the setup chapter in ﬁgure A.2.4. Around the resonance peak, the PFM amplitude is
very large and can be detected easily. The drawback of this method is clearly the smaller stability
of the mode. Whenever the parameters and thus the eigenfrequency of the Ɵp-sample system
change (e.g. due to dirt pick-up), the amplitude and phase strongly change as well and the relia-
bility of the data becomes quesƟonable. To tackle this problem, the resonance frequency can be
tracked during the measurement [171], a mode only recommended for more experienced users.
Tapping Mode
The next secƟons all fall into the category of dynamic modes in AFM. The moƟvaƟon to devel-
ope these applicaƟon is degradaƟon of Ɵps during contact mode AFM [172, 173]. In all dynamic
modes, themechanical contact of Ɵp and sample is kept minimal to avoid the Ɵps’ wear. Thereby,
a higher reproducibility during measurements is achieved and resources such as Ɵme and money
are saved.
In all dynamic modes, the canƟlever is mechanically excited via a piezo actuator, causing the Ɵp
mechanically oscillate above the sample surface. To ﬁnd the mechanical resonance of the can-
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Figure A.1.3.: SchemaƟc drawing of a PFM setup. An AC voltage is applied in between
Ɵp and sample. On a piezoelectric substrate, the ﬁeld will lead to an
expansion/shrinking of the sample (blue). The displacement of the can-
Ɵlever is mapped with the beam deﬂecƟon on the four-quandrant diode
(depicted with the transparent beam). The signal is demodulated with a
lock-in ampliﬁer. On diﬀerent piezoelectric domains (blue colors), the am-
plitude and phase of the four-quadrant diode signal compared to the AC
voltage changes.
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Ɵlever, the excitaƟon frequency is sweeped while the oscillaƟon signal is obtained at the four-
quadrant diode. A typical frequency sweep is shown in the setup chapter in ﬁgure A.2.6. In most
dynamic modes, the Ɵp is driven at its fundamental resonance frequency
f0 =
1
2
r
k
m
; (A.1.3)
whrere m is the eﬀecƟve mass and k the sƟﬀness of the canƟlever [174]. Depending on the
shape and the material of the canƟlever, the resonance frequency can range from several kHz
up to the MHz range. Most probes for dynamic modes have frequencies above 100 kHz. Some
techniques also use higher eigenmodes of the canƟlever [175], but are not in the scope of this
work.
Tapping mode ensures the Ɵps’ wear is kept small while keeping the experimental eﬀort low. The
mode is actually so simple and fail-safe that an unexperienced scienƟst can be trained to use this
mode within a maƩer of hours.
When driven with small excitaƟon amplitudes, the canƟlever acts as a harmonic oscillator. The
canƟlevers response to the excitaƟon is shown as a funcƟon of the driving frequency in ﬁgure
A.1.4. The height A0 and the full width half maximum (FHWM) of the peak is determined by
the so-called quality factor Q of the resonance, which is directly connected to damping of the
oscillator. When the Ɵp is far away from the sample, it is determined mainly by the drag of the
air surrounding the canƟlever. When the Ɵp is approached to the sample, the forces discussed in
ﬁgure A.1.2 are geƫng stronger, leading to increased an damping and thus a lowerQ factor. The
resonance peak is shiŌed towards frequencies, the height becomes smaller and the width larger.
In tappingmode, the excitaƟon frequency is kept constant and the oscillaƟon amplitude is chosen
as themain physical property for the control loop. When the sample is approached, the canƟlever
exhibits stronger damping, resulƟng in a decreased oscillaƟon amplitude at f0 (see ﬁgure A.1.4).
The Ɵp is usually approached to a setpoint of 0:5 : : : 0:8  A0. The control loop works in a similar
way as in contact mode allowing for the mapping of topographic feature. In many cases (e.g s-
SNOM), the Ɵp oscillates with amplitudes of 50 nm or more. In this case, the Ɵp exhibits both the
aƩracƟve and the repulsive regime of the Lennard-Jones potenƟal. The Ɵps wear is signiﬁcantly
reduced compared to contact mode due to less Ɵme spent in the repulsive regime.
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Figure A.1.4.: Frequency spectra in tapping mode: The black curve shows the response
of an harmonic oscillator in air, having a peak with an amplitude A0 at
f0. When the the Ɵp is approached to the sample and the the setpoint
Asetpoint is reached, the damping of the oscillator increases, the peak is
geƫng smaller and broader. Also, the resonance frequency is shiŌed to a
smaller value f 00. Please note that the shiŌ of the peak is not to scale and
increased manually for the sake of clarity.
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Non-Contact Mode
In non-contactmode, the repulsive regime is never reached. For this reason it is someƟmes called
True Non-Contact. Here, the physical property measured and fed into the control loop is the
resonance frequency. In order to track the frequency, a phase-locked loop is applied comparing
the actual resonance frequency to the excitaƟon frequency via a phasemeasurement. Whenever
the resonance frequency is higher than the setpoint, the Ɵpwill approached further to the sample
and vice versa. In ambient condiƟons, the setpoint is usually chosen to a few ten to hundred Hz
below the resonance frequency far away from the sample in air. The resonance frequency can be
measured with mHz precision allowing for very high sensiƟvity even when the Ɵp is in the range
of weak interacƟon in the aƩracƟve regime. Therefore, the wear of the Ɵp is minimal unless the
control loop fails to correctly control the excitaƟon frequency.
At the same Ɵme, a second control loop can be applied to keep the amplitude of the oscillaƟon
constant via a change of the excitaƟon amplitude. This allows for arƟfact free measurements in
techniques sensiƟve to the Ɵp ocillaƟon amplitude like s-SNOM, or magneƟc force microscopy
(MFM). A schemaƟc drawing of the frequency spectrum in this mode is shown in A.1.5.
The main disadvantage of this mode is its complexity. Only experienced scienƟsts will be capable
to correctly apply this mode and almost any mistake will lead to the Ɵp crashing into the surface.
For this reason, non-contact mode is mostly applied when smallest forces need to be detected
e.g. in MFM.
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Figure A.1.5.: Frequency spectra in non-contact mode: The black curve shows the re-
sponse of the harmonic oscillator far away from the sample. It has a peak
with an amplitude A0 at f0. When the the Ɵp is approached to the sam-
ple the resonance frequency shiŌs to lower values. The Ɵp is approached
unƟl a chosen frequency fsetpoint is reached. At the same Ɵme, a second
control loop keeps the amplitude constant at A0 to avoid inﬂuences of
changing oscillaƟon amplitude to the system.
141
A. Appendix
Kelvin Probe Force Microscopy
Kelvin Probe Force Microscopy (KPFM) is a technique to measure the electrostaƟc potenƟal of a
sample on the nanoscale. This can be used to determine the work funcƟon of a material and also
to avoid inﬂuences of electrostaƟc interacƟon in between Ɵp and sample.
The idea goes back to the capacitor method of Lord Kelvin, which he used to determine the con-
tact potenƟal diﬀerence (CPD) of parallel capacitor plates. He connected the two plates via a wire
and altered their distance. Hence, their capacitance C changed and a current ﬂew through the
wire
dQ
dt
= I =
dC
dt
 UCPD: (A.1.4)
To nullify the running current, a voltage UK can be applied to the capacitor:
I =
dC
dt
  UCPD   UK: (A.1.5)
In AFM, the capacitor is the Ɵp sample system. The Ɵps used for KPFM have a metallic coaƟng,
hence the work funcƟon is well deﬁned and one can determine the work funcƟon of the sample
underneath the Ɵp. On insulaƟng samples, UK corresponds to the electrostaƟc potenƟal due to
surface charges.
The implementaƟon of KPFM is done via an addiƟonal AC voltage applied in between Ɵp and
sample. The overall voltage is now
U =
 
UCPD   UK + UAC  sin(!t)

: (A.1.6)
The energy stored in the capacitor is
E =
1
2
CU2 , F = 1
2
dC
dz
U2; (A.1.7)
where F is the force acƟng in between the Ɵp and sample. The force acƟng on the canƟlever is
measured via the beam deﬂecƟon. When U is plugged into equaƟon A.1.7, the force has three
components F = FDC + Fomega + F2!. The DC part
FDC =
1
2
dC
dz
 
UCPD   UK
2
+
1
2
UAC

(A.1.8)
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Figure A.1.6.: Beam deﬂecƟon (TB) frequency spectrum in KPFM: ! and 2! terms (leŌ)
can easily be measured directly. Amplitude modulated terms (right) of-
fer beƩer resoluƟon, but need higher experimental eﬀort to be extracted.
Here, the reference frequency (e.g. 
 + !) for the lock-in ampliﬁer must
be generated via mixing.
does not depend on the frequency !AC . One part contains a component at ! and is given by
F! =
dC
dz

(UCPD   UK
2
+ UAC sin(!t)

(A.1.9)
and can be used to extract the contact potenƟal diﬀerence via nullifying F! or the component in
four quadrant diode signal, respecƟvely. Another component is found at 2! given with
F2! =  1
4
dC
dz
U2AC cos(2!t): (A.1.10)
It can be used to determine the nanoscale capacitance.
The impementaƟon of KPFM can be performedwith either tapping or non-contact modewith the
use of lock-in ampliﬁers. To avoid inﬂuences of large-scale electrostaƟc forces acƟng in between
canƟlever and sample the signal should not demodulated directly on the frequencies ! or 2!.
Instead, the mixed frequency of the canƟlever oscillaƟon
 and the Kelvin modulaƟon frequency
! can be used to extract only the inﬂuences of the forces acƟng in between Ɵp apex and sample.
To extract the local surface potenƟal, the signal is demodulated at 
 + !AC and the output is
inserted into a p-i control loop to keep the output at zero at via the applicaƟon of UK . A sketch
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of the frequency spectrum is shown in A.1.6.
A.2. Atomic Force Microscope
The atomic force microscope uƟlized in this work was specially designed for the applicaƟon of
THz-SNOM and for pump-probe-SNOM experiments requiring more than one laser source at once.
Hence, illuminaƟon and light collecƟon should be possible from both sides. To fulﬁll this demand,
a slim AFM setup oﬀering a large ﬁeld of view to the Ɵp is necessary. Although this light design
comes at the cost of mechanical stability, the AFM should sƟll allow for topography measurements
with sub-monolayer resoluƟon in the Ångström range.
The AFM should be applicable to most common modes like contact, tapping and non-contact
mode. As ScienƟsts of all ﬁelds are more and more interested in electronic properƟes on the
nanoscale, the Ɵp must be properly wired to apply an electric potenƟal or to measure the current
ﬂowing from Ɵp to the sample. This allows for PFM, KPFM and various other measurement types.
The design was ﬁnished by the author during his Ɵme of his diploma thesis and was aŌerwards
constructed with CNC-milling in the mechanical workshop of the Faculty of Physics at the Tech-
nische Universität Dresden. With addiƟonal home-build and commercial parts the AFM was ﬁrst
assembled by Jonathan Döring and aŌerwards characterized in detail by the author. In this chap-
ter, the AFM is described schemaƟcally and fundamental tests of several operaƟon modes are
presented. Although not all measurement types have actually been used to gain the main results
of this work, this was an essenƟal and also Ɵme-consuming part of the authors’ PhD Ɵme and is
consequently described in detail in this chapter.
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Setup
The AFM consists of two main parts, namely the foot and the head, which can be separated from
each other in a maƩer of seconds. This allows for quick Ɵp changes and easy maintenance. An
experienced scienƟsts needs less than ten minutes for a Ɵp change and a complete realignment
of the device. During the measurements the head is placed on the foot via three micrometer
adjustment screws 1 ﬁxing the posiƟon of the head. The screws have ball-rollers at their ends
which perfectly ﬁt into a hole and a elongated groove in the foot and the re-posiƟoning of the
AFM head aŌer replacing it on its foot reaches an accuracy of few ten µm. When scanning, the Ɵp
always stays at its posiƟon and the sample is movedwith a xyz scanning stage 2. This is mandatory
for near-ﬁeld microscopy as the whole opƟcal setup is ﬁxed and aligned onto the Ɵp.
The foot of the AFM acts as a heavy duty basement of the whole device. Two diﬀerently sized
pillars are connected by the base plate and the larger one oﬀers the hole and the groove for two
micrometer adjustment screws. One hole is simply circular to ﬁx the posiƟon of the head at one
point, the other elongated groove ﬁxes two angles and thus a second deﬁned point. The third
point is deﬁned by the third micrometer screw at the pillar, compleƟng the three ﬁxed points
needed to completely deﬁne three-dimensional objects’ posiƟon. With this three-point-system
the reposiƟoning of the head is highly reproducible, a very important requirement of the system:
The Ɵp should be almost at the same posiƟon aŌer a Ɵp change to avoid unnecessary and Ɵme-
consuming realignment of the opƟcal setup for the near-ﬁeld measurement - especially when
beamƟme is limited at large faciliƟes such as ELBE at the Helmholtz-Center Dresden-Rossendorf.
The foot is made of steel, which has enough sƟﬀness to achieve very high eigenfrequencies and
allows for a measurement with low mechanical noise. The boƩleneck of the mechanical stabil-
ity is the thinner pillar, but its strong eigenmodes oscillate in x and y direcƟon, whereas the the
adjustment screws’ posiƟon is not ﬁxed in that direcƟon on this pillar, hence the impact of this
boƩleneck is minimal. The sheer weight of the foot is roughly three kg, which reﬂects the me-
chanical stability.
The head of the AFM is shaped like the large leƩer T, hence it is referred to as the T-Bone AFM.
On each of its three ends, a clearance hole is drilled to aƩach the micrometer screws. The screws
allow for choosing the height (and also the angle if necessary) of the headwith respect to the foot.
In this conﬁguraƟon, diﬀerent sample scanners (e.g. piezo tubes or compact commercial systems)
can be used with the system. The head is completely made of Invar-steel, a iron-nickel allow with
1Newport CorporaƟon, Model 9302
2aƩocube systems AG, ANSxyz50 or ANSxyz100
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Figure A.2.1.: Screenshot of the T-Bone AFM in the Solidworks soŌware. The foot, head
and mirror elements are shown. The commercially available parts (mi-
crometer screws, posiƟoners and scanners are not included in this model).
an extremely low thermal expansion coeﬃcient of t = 1:7  10 6K 1 at room temperature. This
is very useful to avoid any inﬂuence of temperature changes on the posiƟon and the alignment
of the head. The discovery of this material was awarded with a Nobel Prize in physics to Charles
Édouard Guillaume in 1920, as it is very well suited to produce length standards.
The design of the instrument was carried out in the commercially available soŌware SolidWorks,
a 3D-CAD program with various tools to engineer devices for a vast number of applicaƟons. A
screeshot of the AFM in the soŌware is shown in ﬁgure A.2.1.
To have the possibility to detect bending of the canƟlever as well as torque acƟng on it, a beam
deﬂecƟon opƟc was chosen for the detecƟon of the canƟlever’s movement. The Ɵp and beam
deﬂecƟon opƟcs are installed on the long-axis of the AFM head (see ﬁgureA.2.2). The whole
design is conceived for maximum stability andminimal incoupling of stray light into the detecƟon
path. To illuminate the Ɵp, a commercially available laser-diode 3 and the corresponding driver
3IMM Photonics GmbH, IMK-0714-E-K-U-LD-650571A
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4 are used. For highest power stability, the power supply is established via baƩeries. The red
laser beam is then focused with a lense 5 on the canƟlever. The beam direcƟon can be adjusted
with twomirror elements which aremounted with the same concept as the head is placed on the
foot: Threemicrometer adjustment screws are used to Ɵlt the angle of themirror elements in the
desired way to steer the beam with mrad precision. When correctly aligned, the posiƟon of each
element is ﬁxed with two allen screws. With the height of the elements the best focussaƟon of
the beam on the canƟlever can be reached. The elements are also designed in a heavy duty way
and made of Invar steel to achieve the best mechanical stability. The actual reﬂecƟng elements
are gold-coated pieces of a 500 µm thick silicon wafer, which are glued into each element. The
reﬂected beam is then directed with two addiƟonal mirror elements through a lense 6 onto a
four-quadrant silicon diode, which is mounted at the lower end of the head. The mirror elements
have a compact design to avoid any stray light from incoupling into the beam path.
The four-quadrant diode7 is a silicon based photodiode with an acƟve area of 5x5 mm2. And
detects light with wavelengths of  = 320 - 1100 nm, with a peak sensiƟvity of 0.72 A/W at p =
960 nm. The diode can be operated with a reverse voltage of up to 30 Volts, however, in order to
avoid heat loss, the voltage is set to 5V here. The diode has an intrinsic cutoﬀ frequency of fc = 25
MHz at a reverse voltage of 10 V and a load resistance of 50
. At p, the noise equivalent power
is 1.410 14 W/Hz1/2. For the AFM used at the free-electron laser FELBE, the signal is transferred
through two individial preampliﬁers, where the second stage ampliﬁcaƟon can be adjusted via
diﬀerent resistor seƫngs. For the standard seƫngs, the bandwidth is sƟll in the range of 10MHz.
The AFM used for both the sideband and the TDS measurement, the signal is ampliﬁed with a
commercially available preampﬁliﬁer.8
The signal of the 4Q-preampliﬁer is then coupled into an interface9 where is is processed and
passed to the AFM controller.
The canƟlever is mounted with a spring to a commercially available alignment chip10 for µm-
accuracy realignment aŌer a Ɵp change. For non-contact modes, the Ɵp has to be mechanically
driven at its resonance frequency. To achieve this, a piezo-ceramicmaterial is connectedwith two
electrodes and placed in between the head and the alignment chip. It is electrically insulated from
4IMS-WKL-O1
5Edmund OpƟcs model 45-489, 84 mm focal length
6Edmund OpƟcs Model 33-355, 36 mm focal length
7Hamamatsu Photonics K.K., model S5980
8RHK Technology, Inc. Beetle AFM preamp
9RHK Technology, Inc.,R9 PSD Interface
10NanoWorld AG, Nanosensors PointProbe® Plus XY-Alignment Series
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Figure A.2.2.: Screenshot of the T-Bone head in the Solidworks soŌware. The orange
line displays the beam deﬂecƟon beampath starƟng at the laser diode
and ending at the 4-quadrant diode. The commercially available parts
(e.g. the micrometer screws) are not included.
the AFM by two sheets of ceramic11. At resonance frequency, an AC driving voltage of less than
10 mVpp is applied to achieve a canƟlever oscillaƟon of 50 to 100 nm.
PosiƟoning and scanning is performed with a compact stack [176] consisƟng of two lateral 12 and
one verƟcal posiƟoner 13 and one xyz scanner 14. The full posiƟoning range is 5x5x5 mm3 and
the scan range is 40x40x4.4 (or 40x40x24) m3. The whole stack allows for atomic resoluƟon in
a stable environment.
All measurements shown in this chapter were performed with a commercial, and fully digital
AFM controller15. The feature of this state-of-the-art device are well explained in [177]. Most
important are six internal, fully digital Lock-In ampliﬁers for the applicaƟon in s-SNOM allowing
for the demodulaƟon of several harmonics at once. The scanning procedures in the soŌware16
were provided by Steﬀen Porthun (Schaefer Technologie GmbH / RHK Technology, Inc.) and Dr.
Peter Milde (InsƟtute of Applied Physics, Technische Universität Dresden) and then modiﬁed for
this special applicaƟon.
The head also oﬀers several cable passages to establish more measurement modes like PFM,
11MACOR, Corning Inc.
12aƩocube systems AG, Px101
13aƩocube systems AG, Pz101
14aƩocube systems AG, ANSxyz50 or ANSxyz100
15RHK Technology, Inc., R9
16RHK Technology, Inc., Rev9
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Kelvin Force Microscopy and others. The following secƟons describe the established techniques
and give speciﬁcaƟons for each mode to display the performance of the device. For a general
explanaƟon of these modes, please refer to secƟon A.1.
Contact Mode
When ﬁrst tesƟng the AFM, dozens of parameters of the device are unknown and vary with the
uƟlized AFM Ɵp type. Hence, a simple AFM mode is a good choice to start with test and specify
the device and the control parameters before moving to more complex modes. Conclusively,
the contact mode was chosen. The most important unknown parameters are the setpoint and
gain values of the distant control as well as the scanner calibraƟon. To start with, the following
guidelines fro seƫng up such a device can be used.
When the beam-deﬂecƟon is aligned to the center of the 4Q-diode, the setpoint17 can be chosen
to roughly 10% of the overall signal on the diode. However, the correct direcƟon of the setpoint
(negaƟve or posiƟve values) is unknown due to the many stages where the AFM signal is pro-
cessed. The proper algebraic sign must be found by trial-and-error. The p-gain and i-gain should
be set to a value that full z-piezo distance will be traveled in several seconds. The algebraic signs
again play a role, as they depend on the deﬁniƟon of the gain formula used by the AFM controller.
RHK and most of the companies supplying AFM controllers use formula in a way that both p- and
i-gain should have the same sign.
AŌer using these guideline, test measurements in the contact mode were performed on a cali-
braƟon grid18. Figure A.2.3 shows a scan of an calibraƟon grid obtained with a BudgetSensors,
ContE-G, InnovaƟve SoluƟons Bulgaria Ltd. Ɵp. The Si/SiO2 stripe structure has a pitch of (40:1)
m and a height of (20 2) nm. As the stripes are parallel and equally spaced, the non-linearity
of the scanner can be observed. In this scan the non-linearity is neglectable for values below 60%
of its maximum travel range. Due to the properƟes of piezo scanner materials (hysteresis, creep,
...), this will drasƟcally change with the scan speed and lineƟme. The non-linearity can easily be
noƟced in the top right quadrant of the scan. Compared to the lower leŌ quadrant, the stripes
are enlarged by roughly 55% in both dimensions. Various surface roughness values can extracted
with the open source soŌware Gwyddion [147] and the RMS (root mean square) roughness is
2.4 Å along the stripes for the raw data. When corrected with a line slope ﬁlter (b), it decreases
17In this case the top-boƩom signal.
18Anfatec Instruments AG, UMG01 [178]
149
A. Appendix
(a) (b) 
(c) 
raw data line slope corrected data 
Figure A.2.3.: 1024x1024 pixel,  40 m scan of UMG01 calibraƟon grid. Raw data
is shown in (a). The topography stripes reveal the 20 nm steps of the
Si/SiO2 structure. (b) shows the line slope corrected data with slightly
lower roughness. An extracted proﬁle is shown in (c). Here the quadraƟc
scanner arƟfact in z-direcƟon can be observed. Please note that this ﬁrst
measurement did not yet have a correct scanner calibraƟon.
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Figure A.2.4.: Out-of-plane PFM frequency sweep on a PPLN sample. In the range of 2
to 200 kHz, three peaks are visible and connected with strong changes in
the phase diagram by 180 degree.
to1.9 Å. The z-piezo non-linearity can be observed in (c). The extracted line proﬁle (top leŌ to
boƩom right of the scan) shows a parabolic behaviour with a 20 nm change on the full scan range,
a small value - especially when compared to piezo tubes. As this scanner arƟfact is quite common
in AFM, Gwyddion oﬀers data postprocessing prozedures to correct this parabolic behaviour (not
shown here).
Piezoresponse Force Microscopy
Piezoresponse ForceMicroscopy (PFM) is a commonly used AFMmode to characterize the piezo-
electric response of solids on the nanoscale [REFs]. Themode can be run in parallel during contact
modemeasurements. It simply needs an AC voltage supply and one or two Lock-In ampliﬁers (LIA)
in addiƟon to the standard contact mode AFM with a conducƟve Ɵp.
In order to map the ferroelectric domains, a suitable AC voltage and frequency needs to be se-
lected. When the Ɵp is in contact this is best done with a frequency sweep, measuring the ampli-
tude and phase response with constant AC voltage. A typical frequency response is shown in ﬁg.
A.2.4. The peaks correspond to mechanical resonances of the Ɵp-sample system. For diﬀerent
applicaƟons, suitable voltages can lie in totally diﬀerent regimes. For materials with strong piezo-
electric response an oﬀ-resonant frequency below 10 kHz can be selected. This seƫng is most
stable against small changes in the system (e.g. driŌs, dirt pick-up, Ɵp wear-oﬀ, ...). However, the
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PFM signal for this case is usually quite small. For samples with smaller piezoelectric response,
the frequency of a resonance peak is oŌen a beƩer choice, as the PFM amplitude is much larger
and the phase is very sensiƟve to slight changes of piezoelectric responses (e.g. by diﬀerent types
of domains). The measurement is also much more sensiƟve to changes of the environment, as
small changes of the resonance frequency can change amplitude and phase dramaƟcally.
To evaluate the performance of this mode, lithium niobate (LNO) has been examined. The crystal
has a polarisaƟon along the z-axis which can be either poinƟng up or down. When heaƟng above
the Curie temperature of 1150 °C [179] and cooling down again, domains form in a random pat-
tern with the two diﬀerent polarizaƟons (so called c+- and c -domains) [180]. Due to the large
piezoelectric response of these domains can be easily observed with PFM and thus make LNO
a very good material for PFM test measurements. Furthermore, the polarisaƟon of LNO can be
deliberately changed by large electric ﬁelds. With nano-structured electrodes, domains can be
wriƩen into the crystal with desired forms and sizes. One design is a paƩern of large stripes with
the width of few m, so called periodically poled lithium niobate (PPLN). Typically used for its
applicaƟon in quasi-phase matching in non-linear opƟcs, it is commercially available at low costs.
The capability of the T-Bone to map nanoscale domains is demonstrated with such a sample.
For a perfectly aligned AFM and a homogenius electric ﬁeld19 the PPLNmeasurement no contrast
in the out-of-plane amplitude channel is expected as c+- and c -domains should have the same
response. The phase should show a 180 degree contrast in between the two domains, as the
polarisaƟon shows in the opposite direcƟon. The out-of-plane channel should theoreƟcally show
no response and thus no contrast at all.
The PPLN measurement is depicted in ﬁg. A.2.5. The topography (a) is relaƟvely ﬂat and has a
RMS roughness of few nm. It shows a small amount of dirt parƟcles on the sample of which one
is picked on the last third of the measurement. Ferroelectric domains cannot be observed with
the topography data. The PFM AC voltage was selected oﬀ-resonant (< 10 kHz) and with 1 Vpp
amplitude. The out-of-plane PFMamplitude (b) shows a contrast in between c+- and c -domains.
7 m thick stripes are visible in the whole scan range. Depending on the posiƟon in the scan the
response of the brighter stripe can be more than twice as large as the darker lines. The phase
diﬀerence (c) of the stripes is up to 140 degree and does not reach the expected value due to an
oﬀset in the Lock-In measurement. Notwithstanding, the domains can clearly be mapped in with
this measurement.
19Due to the ﬁnite Ɵp size, the ﬁeld will never be homogenious.
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topography 
out-of-plane PFM amplitude out-of-plane PFM phase 
Figure A.2.5.: 512x512 pixel PFM measurement of PPLN: (a) shows the topography. (b)
and (c) show the out-of-plane amplitude and phase response.
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Tapping Mode
A very commonly used AFMmode is the tappingmode, where the Ɵp oscillates above the sample
surface and the oscillaƟon amplitude is controlledwith a p-i control loop A.1. It is also oŌen called
intermiƩent contact mode and is mostly applied at room temperature and atmospheric pressure.
It features high stability and is user-friendly and very fail-safe due to the simplicity of the distance
control. In almost any case of a complicaƟon during a measurement (e.g. dirt-pick up), the Ɵp
will be pulled away of the surface instead of crashing into it. Using modern, commercial AFMs,
a simple topographic characterizaƟon of a sample can be done in few 10 minutes, including the
mounƟng of Ɵp and sample - another reason for the wide distribuƟon of the mode.
Firstly, the Ɵp resonance frequency of the free oscillaƟon must be found when the Ɵp is mechan-
ically excited. A typical sweep with an AC excitaƟon voltage of few mV is depicted in ﬁgure A.2.6.
An overview sweep is shown in (a). A clear and sharp peak in the amplitude is visible at 250 kHz,
associated with a phasejump of . A zoomed sweep in depicted in (b). The deviaƟon from a
damped harmonic oscillator (which would show a Lorentzian distribuƟon) is a consequence of a
crosstalk with diﬀerent mechanical resonances close to the main peak. The quality factor Q of
a resonance peak at fpeak with an amplitude Apeak is determined by the width f of the peak.
f is give by the frequencies where the mechanical amplitude has fallen to Apeak/
p
2. For this
example, theQ-factor isQ = f/f  450.
To approach Ɵp and sample a setpoint of 80%of the free oscillaƟon amplitude is a good value to
start with. The p-gain and i-gain should be set to a value that full z-piezo distance will be traveled
in several seconds. For tapping mode, the p-gain can be three orders of magnitude smaller than
the i-gain. When the setpoint is reached and the Ɵp is close to the sample surface, it is necessary
to verify that the Ɵp reached the regime of repulsive forces. This can best be checked with a so-
called retract curve, where the feedback loop is frozen and the Ɵp is pulled away from the surface
in a linear moƟon whilst the amplitude and phase of the canƟlever oscillaƟon is measured. A
typical example for this shown in ﬁgure A.2.7. Here, the feedback is stopped and the Ɵp-sample
distance is increased up to 500 nm. (a) shows the mechanical amplitude of the canƟlever. On
the ﬁrst 20 nm, the amplitude rises quickly as the canƟlever shortly touches the surface during
each oscillaƟon. For larger distances, the amplitude rises much slower due to long-range electro-
staƟc forces interacƟng in between Ɵp and sample. The small oscillaƟon is an arƟfact resulƟng
from interference of the light reﬂected from the canƟlever and stray light from the sample sur-
face. The strength of the interference can change with the alignment of the beam deﬂecƟon and
the sample. For this measurement its size is neglecƟble. If the interference is larger, the beam-
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Figure A.2.6.: Frequency sweep of a BudgetSensors Tap300E-G Ɵp. An overview sweep
is shown in (a). The ﬁrst-order mechanical resonance of the canƟlever is
at 250 kHz and connected with a phasejump of . A zoomed sweep is
shown in (b). The Q-factor of the resonance is 450.
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Figure A.2.7.: Retract curve on the UMG01 graƟng. (a) shows the amplitude and (b)
the phase data as a funcƟon the Ɵp-sample distance. The measurement
as been performed twice (black and red curve).
deﬂecƟon must be realigned. In most cases the focus at the canƟlever is too large and must be
improved with the ﬁrst two mirror elements. For near-ﬁeld microscopy (and many other mea-
surement types) this measurement is of high importance and must be very reproducible which is
the reason always to collect at least two curves for each measurement. The corresponding phase
data is shown in (b). It also has a strong change on the ﬁrst 20 nm and is relaƟvely ﬂat for higher
distances.
To invesƟgate the performance of the tapping mode, the Anfatec UMG01 test graƟng was mea-
sured again. Figure A.2.8 shows the topography of the graƟng. Here, the forward (piezo voltage
rising from zero) and backward (piezo voltage decreasing to zero) scanning direcƟons are com-
pared. While the forward direcƟon (a) suﬀers strongly from non-linearity in the top and right ar-
eas of the scan, the backward direcƟon is less aﬀected by this problem and shows the strongest
non-linearity when the voltage becomes small again. The origin of this behaviour is the creep and
the hysteresis of the piezo scanner. As a consequence both direcƟons should always be checked
whenever the dimensions of a certain structure is unclear. AlternaƟvely, a closed-loop scanner
can be implemented into the device which costs are three to four Ɵmes larger than the costs of
an open loop scanner. The RMS roughness along the stripes lies in the range of 500 pm to 1 nm
- too large for the invesƟgaƟon of monolayers. As huge scienƟﬁc interest lies in the invesƟgaƟon
of 2d-materials such as graphene or sheets of transiƟon metal dichalcogenides, the capability to
map single atomic steps needed to veriﬁed.
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Figure A.2.8.: Forward (a) and backward (b) scan in tapping mode of the UMG01 test
graƟng aŌer the substracƟon of a second-order polynomial background.
Non-lineariƟes occur stronger in the forward direcƟon.
A common sample with such single atomic steps is highly oriented pyrolyƟc graphite (HOPG).
The creaƟon of such steps can simply be achived via cleaving of the sample. A topography scan
of a HOPG surface is depicted in ﬁgure A.2.9. To reduce noise in (a) a 2d FFT ﬁlter is applied.
Secondly, a second degree polynomial background is substracted to remove scanner arƟfacts.
Now the small steps in the topography are clearly visible. The red line shows the posiƟon of the
extracted line proﬁle in (b). A small step in the topography occurs at x  2:4 m. The step height
of 3.4 Å matches well to the literature value of 3.35 Å [181]. This measurement clearly proofs the
AFMs’ capability to map single atomic steps. In the raw data, the RMS roughness at the leayers
is 1 Å, which marks the lower limit of the T-Bone AFM in tapping mode.
Non-contact Mode
The non-contact mode (also referred to as nc-AFM, True Non-Contact mode, dynamic force mi-
croscopy) also uses an oscillaƟng Ɵp tomap the topography of a sample. However, the p-i control
loopmeasures and controls the the oscillaƟon amplitude and the phase simultaniously. This guar-
antees a constant oscillaƟon amplitude of the Ɵp at all Ɵmes and can reduce arƟfacts from steps
in the topography. Also, this mode has an extreme sensiƟvy to map smallest forces with very
high resoluƟon [167, 182] as the oscillaƟon frequencies in the range of 100 kHz can be measured
with fewmHz precision. This mode is rather suitable for ﬂat samples and not very fail-safe if large
features apprear the topography. In case of an unwanted incident like a dirt-pick up or a too
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(a) (b) 
3.4 Å 
Figure A.2.9.: 512x512 pixel, 17.5 m scan of a HOPG sample. (a) shows steps of dif-
ferent height in the topography. The red line marks the posiƟon of the
extracted proﬁle depicted in (b). Two steps are clearly visible, a mulƟlayer
step at x  1:2 m and a single step at x  2:4 m.
large feature in the topography the Ɵp will crash into the surface in almost any case. This mode
also requires amuchmore experienced user compared to the tappingmode, as more parameters
need to be set. Besides the control loop for the oscillaƟon amplitude, a second p-i control loop
needs be conﬁgured for the setpointf of the desired frequency shiŌ. The parameters strongly
inﬂuence each other andmust also be varied from sample to sample. To ﬁnd good starƟng values
before approaching the sample, a procedure is installed in the Rev9 soŌware to test if the con-
trol loop can follow changes in amplitude and phase precisely enough for a real measurement. It
changes the setpoints in between two values with a certain periodicity and the gain values can
are adjusted in a way that the control loop can reach the changed setpoints in a reasonable Ɵme
without overshooƟng.
The following two test measurements show the capability of the T-Bone to uƟlize this mode and
also demonstrate an example of how strongly the seƫngs can change on diﬀerent samples.
Ameasurement of the UMG01 test graƟng is depicted in ﬁgure A.2.10. The topography data (sec-
ond degree polynomial corrected) for the right-to-leŌ direcƟon is presented in (a). The stripes are
clearly visible, however the Ɵp used for this measurement is blunt, which explanes the addional
structure on the leŌhand side of each stripe. The surface roughness is in the range of 1 Å on
the stripes. The frequency shiŌ is shown in (b). The setpoint is -20 Hz and on the stripes it is
controlled with a precision of 100 mHz (RMS). This is an excellent value considering this mea-
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Figure A.2.10.: 256x256 pixel, 10m scan of the Anfatec UMG01 test graƟng. (a) shows
the topography. The 4 m pitch stripes with 20 nm height are clearly
visible. The frequency shiŌ is shown in (b). When moving onto a stripe,
there is a short shiŌ towards lower frequencies. When moving oﬀ, the
shiŌ goes towards higher frequencies. The drive voltage is depicted in
(c) and clearly depends on the scanning direcƟon
surement has been performed in ambient condiƟon. Whenever the Ɵp moves from the lower to
the higher level of the graƟng, the canƟlever gets closer to the surface and the eigenfrequency
shortly drops to a lower value due to the increased force interacƟon in between Ɵp and sample.
As the control loops need a limited Ɵme to compensate for this shiŌ, thin black lines appear on
the righthand side of each stripe. On the leŌhand side it is vice versa. Although the edges are
not very sharp in the drive voltage (c) due to the worn-oﬀ Ɵp, the control loop keeps the drive
voltage constant with a precision of less than 1 V on the stripes.
As a second example and to verify the non-contact mode is capable of mapping single atomics
steps the HOPG sample has been invesƟgated another Ɵme. Figure A.2.11 (a) shows the topog-
raphy of the measurement aŌer a second degree polynomial correcƟon and a 2d FFT ﬁlter to
reduce 50 Hz noise. The small steps of the HOPG are again visible. A proﬁle is extracted at the
red line and ploƩed in (b). Here, the capability of mapping signal atomic steps is proven for this
mode. The slight mismatch of a 4 Åcompared to the literature value of 3.35 Åcan be a result of
the nonlinear behaviour of the open-loop scanner. The RMS noise of the frequency shiŌ is 200
mHz and in the same range as on the test graƟng. The RMS noise in the drive channel is one order
of magnitude larger though, with 10 V (not shown).
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~ 4 Å 
(a) (b) 
Figure A.2.11.: 256x256 pixel, 6 m scan of a HOPG sample. (a) shows steps of diﬀerent
height in the topography. The data is post-processed with a 2d FFT ﬁlter
and a second degree polynomial background correcƟon for the sake of
clarity. The red line marks the posiƟon of the extracted proﬁle depicted
in (b). A single layer valley is in the data. The step height of  4 Å is in
fair agreement with the literature vale of 3.35 Å.
Kelvin-Force Microscopy
ElectrostaƟc interacƟons in between Ɵp and sample can have huge inﬂuences on certain sam-
ples and someƟmes need to be compensated both in tapping and non-contact mode. Without
compensaƟon it is oŌen not possible to reach the surface with the Ɵp which causes arƟfacts the
topography measurement and consequently also in other modes like s-SNOM. For conducƟng
materials and structures it is suﬃcient to connect Ɵp and sample to the same ground potenƟal to
solve this problem. In certain cases (isolators, pyroelectric materials) the electrostaƟc potenƟal
must be acƟvely compensated with a voltage applied to a conducƟve Ɵp (see chapter A.1 for dif-
ferent implementaƟons of this technique). For example, localized surface charges cannot simply
drain to the ground connecƟon through a bulk crystal [64] and are trapped at their posiƟon. Their
stray ﬁelds must be compensated by KPFM.
Here non-contact AFM is combined with KPFM to measure the nanoscale surface potenƟal of
a Si0:23Ge0:77 thin ﬁlm sample (ﬁgure A.2.12). The Kelvin signal was demodulated at the ﬁrst
sideband of the canƟlever oscillaƟon. Whenever there is a mismatch of the surface potenƟal of
Ɵp and sample the sideband is non-zero and a control loop adds a DC voltage to the conducƟng Ɵp
to nullify the mismatch. Please note that the demodulaƟon frequency is not a ﬁxed value, but is
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Figure A.2.12.: 512x512 pixel, 10 m scan of a SiGe thin ﬁlm sample sample. (a) show
the topography aŌer a second degree polynomial ﬁlter was applied. Be-
sides a few parƟcles, the topography is very ﬂat. A slightly lower stripe
in the data is visible from the top middle to the boƩom middle. The f
signal (b) shows very stable measurement condiƟons. The Kelvin signal
is shown in (c). Here, the parƟcles and one inclinated stripe are clearly
visible. AŌer two thirds of the scan, the control loop jumps to a posiƟve
value before moving back. The reason for this behaviour is unclear.
steadily updated as the canƟlever oscillaƟon and driving frequency changes. Although expected
changes of the surface potenƟal due to the crosshatch-paƩern [183, 184] could not be observed,
the measurement sƟll shows the capabiliƟes of the T-Bone to measure surface potenƟals.
The topography is depicted in ﬁgure A.2.12 (a). The verƟcal stripe of slightly lower topography is
a typical feature of such samples [183, 184]. The laƫce mismatch of SiGe and Si is  1% [127]
which corresponds to strains in the range of GPa. When the top layer is grown, the impuriƟes and
dislocaƟons parƟally relieve the stress, and create a crosshatch structure oŌen seen as stripes in
the topography. Please note the height of these steps is usually even smaller than a single atomic
step again proving the very low noise of the topography measurements with the T-Bone. The
correspondingf measurement (b) shows a stable operaƟon and the frequency only shiŌs sig-
niﬁcantly when the Ɵp reaches one of the parƟcles on the sample surface. The Kelvin DC voltage
applied to nullify the sideband is depicted in (c). Here, one can clearly observe small changes in
the topography even by smallest parƟcles and also one long, slightly inclinated stripe of lower
DC voltage going through the whole scan range. When a proﬁle is extracted across this stripe, a
jump of 800 mV in the Kelvin voltage can be observed on a length scale of roughly 350 nm. The
resoluƟon is not a good value compared to other reports [185], and it is quite likely limited by
the structure itself and not by the measurement method. The RMS roughness on areas without
features is in the range of 6 mV, which is a good value considering the fact potenƟal diﬀerences
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of diﬀerent materials oŌen lie in the range of eV and values of several volts need to be applied
on pyroelectric materials [186].
s-SNOM
The main purpose to design the T-Bone AFM was the need for a new near-ﬁeld microscope with
large ﬁeld of view to apply it in several setups covering opƟcal ranges from mid-infrared to THz
radiaƟon. The ﬁrst tests were carried out with a CO2 laser 20 setup and MCT detector 21 in a self-
homodyne detecƟon scheme (see chapter 4.1). This combinaƟon of stable laser and sensiƟve
detector with large dynamic range is used on a day-to-day basis in many research groups world-
wide. In the follwing chapters the very ﬁrst s-SNIMmeasurements obtained with the T-Bone AFM
are presented.
Infrared Near-field Examination on a Gold Sample
In order evaluated the quality of near-ﬁeld signal, Ɵp quality and signal-to-noise raƟo the mea-
surement of the near-ﬁeld signal as a funcƟon of the Ɵp-sample distance (retract-curve) is com-
monly used aŌer alignment of the signal to its maximum value. A large layer  100 nm of evap-
orated gold on a polished silicon waver leads to a relaƟvely large near-ﬁeld signal and has a ﬂat
spectral response and thus is applicable for alignment and as a reference sample for all wave-
lengths from infrared to THz radiaƟon.
Such a measurement from the developing stage of the T-Bone AFM is shown in ﬁgure A.2.13. A
canƟlever tapping amplitude of 20 nm and a laser power of 15 mW were chosen. The typical
near-ﬁeld decay is clearly visible in (a) for all harmonics (represented with diﬀerent colors) when
the distance in between Ɵp and sample is increased. The second harmonic is drawn in black.
Here the near-ﬁeld signal is the largest. Also, the signal-to-noise raƟo has a good quality. How-
ever, the demodulated near-ﬁeld signal does not go down to zero for larger distances although
the near-ﬁeld is only present on the ﬁrst few 10 nm above the sample surface. This is a far-ﬁeld
arƟfact as higher-harmonic-demodulaƟon does not yet work perfectly for the second harmonic
[118]. The decay length to half of the iniƟal signal strength is an indicator for the achieveable
resoluƟon in a lateral scan and is reached at a distance of 24 nm. The third harmonic (red) has
20Access Laser model Lasy 3S
21Teledyne Judson Technologies model J15D16-M204-S01M-60 with PA-101 preamp.
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Figure A.2.13.: Near-ﬁeld signal as a funcƟon of Ɵp sample distance on a gold sam-
ple. (a) shows the typical near-ﬁeld decay for diﬀerent harmonics (color
scale). The same plot is depicted with a logarithmic scale in (b) for bet-
ter visibility. The dip in the third harmonic signal at 80 nm is a result
of a phaseshiŌ in the Lock-In measurement and a residual of far ﬁeld
contribuƟons.
a much shorter decay length of 11.5 nm already. As the signal goes down to zero for larger dis-
tances, far-ﬁeld inﬂuences are neglectable at this point. For the fourth harmonic this value goes
down to 7.5 nm. However, the signal-to-noise raƟo signiﬁcantly rises, which is more clearly visi-
ble in the logarithmic plot in (b). The noise level is in the range of (40  10) V for the third and
higher harmonics, whereas the signal level gets lower with each harmonic. The last detectable
signal was measured at the sixth harmonic, where the preamp is already confronted with signals
above the stated bandwidth limit. At the sixth harmonic, the signal-to-noise raƟo is too low for
a lateral scan. For qualitaƟve measurements the second harmonic is usually a good trade-oﬀ in
between signal strength and resoluƟon, for qualitaƟve and high-resoluƟonmeasurements higher
harmonics should be chosen. Please note that the combinaƟon of a CO2 laser with a J15D16 MCT
detector is not ideal. With a J15D12 detector, the sensiƟvity is twice as good and increases the
signal-to-noise raƟo signiﬁcantly. This upgrade was implemented later to the setup.
Infrared near-field imaging
To dermine the resoluƟon in a lateral scan and conﬁrm that the obtained signals in the retract-
curves are no arƟfacts, a scan on a sample with a deﬁned material contrast is usually chosen.
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Figure A.2.14.: 512x512 pixel, 10 m near-ﬁeld scan of a gold sample. The topography
is shown in (a), the correspondig near-ﬁeld signals of the second and
third harmonic are shown in (b) and (c) respecƟvely.
As the gold samples used to align the near-ﬁeld usually are contaminated with dirt parƟcles, a
material contrast is expected during scanning. As the sample does not need to be changed for
this measurement, this saves Ɵme and is thus oŌen the material of choice.
The ﬁrst near-ﬁeld scan ever obtained with the T-Bone is shown in ﬁgure A.2.14. A plaƟnum-
iridium-coated Ɵp 22 with a oscillaƟon frequency of 160 kHz was used. The topography (a) shows
several larger dirt parƟcles with a lateral dimension of hundreds and a height of several ten
nanometers. On a much smaller scale, there are also thousands of much smaller parƟcles visible
almost forming a closed ﬁlm on the sample. The origin is unclear, as well as theway of producƟon,
storage and age of the sample. The corresponding near-ﬁeld amplitudes of the second and third
harmonic are shown in (b) and (c). Here, a material contrast is clearly visible in both harmonics in
between the large dirt parƟcles and the gold. The largest signals are found on some stripe which
seem to be almost completely free of contaminaƟons. The second and third harmonic show he
same informaƟon, yet the contrast in the third harmonic is larger as far ﬁeld eﬀects are beƩer
surpressed.
From this data, a proﬁle was extracted at the marked posiƟon (red and green lines) to determine
the resoluƟon of the scan. The data is depicted in ﬁgure A.2.15. The topography shows a parƟcle
of  600 nm lateral size and a height of  70 nm. The near-ﬁeld signals of the second and third
harmonic were recorded simultaneously using one internal Lock-In ampliﬁer of the R9 controller
for the third harmonic and one external Lock-In23 for the second harmonic. Please note the sec-
ond harmonic signal is ampliﬁed by a factor of 1000 due to this fact. On the dirt parƟcle, the
signals are low, and on the gold they are high. Although there is no clear convenƟon to deter-
22Nanoworld AG, Nanosensors PPP-NCLPt
23Stanford Research Systems SR 844
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mine the resoluƟon for such a measurement, one way is to measure the distance to overcome
80% of the signal change in between the two levels [7]. Here, a lateral resoluƟon of 60 and 62
nm is achieved for the third harmonic and second harmonic respecƟvely. Higher values can be
achieved in s-SNIM [6], however it ﬁts to the value determined in [7] with the same kind of Ɵp.
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Figure A.2.15.: Line proﬁle extracted from ﬁgure A.2.14 (red and green markers): the
topography (boƩom) shows a dirt parƟcle with  600 nm width and 
70 nm height. The corresponding near-ﬁeld signals (middle, top) show
jumps in the signal strength at a length scale of 60 nm.
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Figure A.2.16.: Frequency sweep of a BudgetSensors ContE-G Ɵp. The amplitude is de-
picted (a), the corresponding phase in (b).
Low-Repetition-Rate Tapping Mode
AFM Ɵps applied in tapping mode usually have high sƟﬀness and mechanical eigenfrequencies
in the range of > 100 kHz. This allows for fast measurements and easy tuning of the p-i control
loop. It also has the advantage that electronic noise at such high frequencies is lowerwhen higher
harmonic demodulaƟon is applied in s-SNIM.
One scienƟﬁc case of this PhD work was the implementaƟon of the TELBE THz light source [140]
to the T-Bone for near-ﬁeld microscopy. The repeƟƟon rate of this accelerator-based light source
is planned to reach 13MHz repeƟƟon rate, but at the Ɵme of the thesis has been strictly limited to
100 kHz, which opens a demand to run the s-SNOM with low canƟlever eigenfrequencies. Con-
sidering the Niquist-Shannon sampling theorem [141], the highest detectable frequency when
sampling a signal with 100 kHz sampling rate is 50 kHz. When s-SNIM signals up to the third har-
monic shall be detected, the maximum eigenfrequency must not exceed 50 kHz / 3  16.7 kHz.
This is a very low value for tapping mode AFM and s-SNIMwhich makes unconvenƟonal methods
necessary. One way is simply to use Ɵps with such low eigenfrequencies and sƟﬀnesses, which
are actually used for contact-mode and related techniques. As the THz near-ﬁeld response of
these convenƟonal probes is unclear, two kinds of probes were tested during this work. Firstly, a
standard silicon-based and PtIr-coated probe was used. Secondly, full plaƟnum probes by Rocky
Mountain Nanotechnology were used. Made of a plaƟnum wire with a Ɵp shank length of 80
m these Ɵps have an antenna resonance in the low THz regime (see secƟon 3.4.3). This chapter
presents results with these diﬀerent Ɵps for this unconvenƟonal applicaƟon.
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Figure A.2.17.: 128x128 pixel, 5 m scan of the UMG01 test graƟng. The topography
is depicted in (a), revealing arƟfacts espacially at the edges. The cor-
ressponding mechanical amplitude is shown in (b).
Figure A.2.16 shows a low frequency sweep of a BudgetSensors ContE-G Ɵp. The amplitude data
(a) has a broad Lorentzian peak at 8 kHz connected with a 180 degree phasejump in the phase
(b). TheQ-factor of the resonance is only 46, one order of magnitude smaller than the value for a
convenƟonal non-contact Ɵp (see ﬁgure A.2.6). Thus the control loop of the AFM controller must
be set to much be set to much higher p & i values in order to reach stable feedback condiƟons,
which is a result of the smaller change in amplitude of the canƟlever oscillaƟon when it reaches
the sample surface and the resonance frequency slightly changes.
To ﬁnd a suitable set of gain parameters, the test graƟng 24 was applied once again to conﬁrm the
AFM’s capability to correctly present nanoscale topography values. Here, aim of the measure-
ment was not to achieve an Ångström-level topography sensiƟvity, but to ﬁnd the best values
without increasing the line Ɵmes to a value which is impracƟcal for a daily useage of the AFM.
The measurement is shown in A.2.17. With a scanning speed of 1 m/s the RMS noise in the
topography channel (a) is 1 nm along the stripes, but does not reach the Å-level. Scanning arƟ-
facts become obvious at the edges and especially at dirt parƟcles. AddiƟonally, the amplitude (b)
breaks down to one almost one third of the setpoint when it reaches the edge in the topography.
For comparison, the breakdown in classic tapping mode is rather in the range of 10%. Conse-
quently measurements with this Ɵp must be carefully evaluated, as features of the topography
can easily couple into the demodulated near-ﬁeld signal.
PICTURES!!!The second candidate for low-frequency tapping mode is the Rocky Mountain Nan-
otechnology 25PT300B Ɵp [132]. Made of solid plaƟnum wire, it can reach very small Ɵp radii
24Anfatec Instruments AG, UMG01 [178]
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80 µm           2 THz 
Figure A.2.18.: SchemaƟc side view of the Rocky Mountain Nanotechnology 25PT300B
Ɵp. IllustraƟon from [132], label included by the author.
below 10 nm. The canƟlever is mounted on a plasƟc substrate and thus does not ﬁt into the
alignment chip used in the T-Bone and needs to be mounted by eye to the correct posiƟon. Fur-
thermore the back of the canƟlever is not ﬂat and consequently the beam deﬂecƟon is harder
to align. For a trained scienƟst it is sƟll possible to correctly mount the Ɵp in few ten minutes.
The performance of this Ɵp is analysed at this point in more detail in this secƟon, as it is ap-
plied in a THz Time-Domain-Spectroscopy SNOM setup (see chapter 4.3). The sƟﬀness of 22 N/m
is one order of magnitude larger than the BudgetSensors Ɵp and half the size of convenƟonal
high-frequency Ɵps, which allows for easier handling in tapping mode AFM. The Ɵp shank is 80
m long and thus much larger than a convenƟonal silicon-based Ɵp. The side view of the Ɵp is
shown in ﬁgure A.2.18. For low THz radiaƟon, the antenna acts like a dipole antennawith a center
frequency of  2 THz and strongly enhances the THz ﬁeld at the Ɵp apex (see secƟon 3.4 for a
detailed discussion).
A mechanical frequency sweep is depicted in A.2.19. The overview sweep shown in (a) shows
a clear peak at 20 kHz. Far from the resonance, the canƟlever barely oscillates and the signal is
at the noise level. A zoomed scan is shown in (b). The sharp resonance is assiciated with a clear
phasejump of . Although the number of pixels in this sweep is low, theQ-factor of the resonance
can be determined to 450 with the procedure applied in chapter A.2.
The quality of topography control is crucial for near-ﬁeld measurements. Consequently retract-
curves and a scan on a Si/SiO2 nanostructure were performed with this kind of Ɵp to evaluate
the performance. The measurement of the retract-curve is depicted in A.2.20. The mechanical
amplitude as a funcƟon of the Ɵp-sample distance is shown in (a). Here, a very steep breakdown
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Figure A.2.19.: Frequency sweep of a Rocky Mountain Nanotechnology 25PT300B Ɵp.
(a) shows an overview sweep, (b) a zoomed sweep of mechanical ampli-
tude and phase, respecƟvely.
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Figure A.2.20.: Retract curve on a Si/SiO2 nano-structure. (a) shows the amplitude and
(b) the phase data as a funcƟon the Ɵp-sample distance. The measure-
ment has been performed twice (black and red curve).
of the canƟlever’s oscillaƟon is observed on the ﬁrst ten nanometers. When the Ɵp is further
away from the sample surface, the amplitude is not as stable as observed in A.2.7, however it is
sƟll in the range of 1 %. The phase (b) is much more stable. Here, a diﬀerence in between the
two measurements (black and red) is barely visible.
To conﬁrm the capability to map the topography with a 25PT300B Ɵp on the nanoscale a Si/SiO2
nanostructure was measured with the T-Bone (see ﬁgure A.2.21). A complex checkered paƩern
is visible in the topography with heights up to 100 nm. The scan direcƟon shown is from right
to leŌ. Here, the gain values have been chosen a bit too low, as the edges are sharp on the
right-hand side of the topography features connectedwith a strong breakdown of themechanical
amplitude down to one third of the setpoint and not very sharp on the leŌ-hand side of the
features connected with an increased amplitude. However, larger gain values will signiﬁcantly
increase the topographic noise or may even lead to unstable condiƟons. Considering the low
oscillaƟon frequency and a scan speed of 2 m/s, this is not surprising. The RMS roughness
of the topography is in the range of 1.5 nm along the stripes. This value is not comparable to
values achieved with the convenƟonal method in this chapter, however it is good enough for
many applicaƟons in near-ﬁeldmicroscopy. Imperfect p-i control of the scan is not as problemaƟc
with this Ɵp as compared to metal-coated silicon Ɵps. When the coaƟng is worn oﬀ, silicon Ɵps
are usually useless for near-ﬁeld microscopy. Here, the Ɵp is completely made of plaƟnum and
cannot lose any coaƟng. When working with these Ɵps, the near-ﬁeld signal usually rises strongly
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Figure A.2.21.: 256x256 pixel, 5 m topography measurement of a Si/SiO2 nano-
structure. (a) shows the topography aŌer a line-substract ﬁlter and (b)
the mechanical amplitude for the same measurement. ArƟfacts can be
observed in both channels at the edges.
at the cost of resoluƟon when the Ɵp becomes more and more blunt.
For comparison with silicon-based s-SNOM Ɵps, the Ɵp was tested in the well-known and rather
simple CO2 laser setup to conﬁrm its general applicability in near-ﬁeld microscopy. A MCT detec-
tor25 was uƟlized for excitaƟon and detecƟon of the near-ﬁeld signal. A detailed descripƟon of
the setup is presented in secƟon 4.1. Here, the Ɵp acts as a small scaƩerer close to the sample
surface.
A complete characterisaƟon of the 25PT300B Ɵp with a CO2 s-SNOMmeasurement is depicted in
ﬁgure A.2.22. The near-ﬁeld amplitude of the second and the third harmonic on a gold sample
as a funcƟon of the Ɵp-sample distance is shown in (a) and (b), respecƟvely. The reproducibility
is good. When in contact, the absolute values of the amplitude are in the same range as with
convenƟonal Ɵps (see ﬁgure A.2.13). The signal decay to half of the iniƟal values is reached at
distances of 11 and 7 nmwhich indicates small Ɵp radius and consequently a very good resoluƟon
for lateral scans in near-ﬁeld microscopy. The value of the third harmonic goes down to zero for
large distances conﬁrming a good far-ﬁeld suppression. For thismeasurement, the signal-to-noise
raƟo is even beƩer thanwith the convenƟonal Ɵp in secƟon A.2. However, the noise level in these
retract curves can be strongly inﬂuenced by laser noise and changes on a daily basis.
A well suited sample to verify the near-ﬁeld microscope is capable of mapping a material con-
25Judson Technologies Inc., model J15D12-M204-S01M-60 with PA-101 preamp
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trast and determining the achievable lateral resoluƟon, is a gold nanostructure on a semicon-
ductor/insulator substrate [7]. The topography of such a structure is shown in (c). The gold is
covering the top leŌ area of the scan and has a height of  30 nm. Although the lithography
process is of doubƞul quality, as can be seen by the form of the structure and residuals at the
edges of the gold from the fabricaƟon process, the sample shows three disƟnct signal levels in
the near-ﬁeld amplitude (d) and (e). The residuals are probablymade of resin from the fabricaƟon
process and do not contribute to the near-ﬁeld signal. The substrate is an undoped germanium
single crystal. The signal level is higher than the level on the residuals. The gold clearly has the
largest near-ﬁeld signal as it has a negaƟve permiƫvity for a wavelength of 10.6 m. The third
harmonic shows a beƩer contrast compared to the second harmonic in between the diﬀerent
materials due to beƩer far-ﬁeld suppression. To determine the resoluƟon, a zoomed scan (f) was
performed in the area highlighted in (e) with the green rectangle. The three signal levels can be
observed again and a proﬁle was extracted at the posiƟon of the green line and is ploƩed in (g).
With the method applied in secƟon A.2, the resoluƟon is determined to 15 nm - a comparably
good value for s-SNOM. Overall this Ɵp shows a very good performance for s-SNOM and due to
its resonance in the low THz regime it is now also applied by other groups [48] and the company
Neaspec for THz near-ﬁeld microscopy.
At this point it must also be menƟoned that there is also an exciƟng report of phase-domain sam-
pling [187], where s-SNIM is applied with low sampling rate and standard high-frequency Ɵps.
The canƟlever amplitude and phase is recorded and correlated to the sampled s-SNIM detector
signal for each laser pulse. The data analysis performed aŌer the experiment is technically chal-
lenging. The implementaƟon of this technique for the combinaƟon of the T-Bone and TELBE this
is part of Thales deOliveira’s work andwill not be explained in detail in this thesis as it is a complex
process, experimentally challenging and has not been applied for any measurements presented
in this work. Just to name a few obstacles of this technique: The signal cannot be observed on the
ﬂy when the experiment is performed, also the amount of data sampled with such a techniques
is very large and needs to be post-processed correctly.
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Figure A.2.22.: Near-ﬁeld examinaƟon with a Rocky Mountain Nanotechnology
25PT300B Ɵp. Retract curves on gold are shown in (a) and (b). Topogra-
phy and corresponding near-ﬁeld signatures of a gold nanostructure on
a germanium substrate are depicted in (c), (d) and (e). The size of the
scan is 5 m with 256x256 pixel resoluƟon. A zoomed near-ﬁeld scan
(127x67 pixel) with a size of 1100 nm x 550 nm is shown in (f), where a
proﬁle (green) is extracted and ploƩed in (g).
174
List of Figures
2.1.1 FormaƟon of energy bands in semiconductors. . . . . . . . . . . . . . . . . 13
2.1.2 Band structures of GaAs and Ge. . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.3 Fermi-Dirac staƟsƟc in Germanium. . . . . . . . . . . . . . . . . . . . . . . 15
2.1.4 Plasma frequency in germanium as a funcƟon of the charge carrier density. . 18
2.1.5 Permiƫvity as a funcƟon of charge carrier density. . . . . . . . . . . . . . . 19
2.1.6 AbsorpƟon of light in semiconductors. . . . . . . . . . . . . . . . . . . . . . 21
2.1.7 LifeƟme of charge carriers in germanium. . . . . . . . . . . . . . . . . . . . 23
2.1.8 Temporal behavior of the permiƫvity in excited germanium. . . . . . . . . . 24
2.2.1 SchemaƟc drawing of a ﬁeld-eﬀect transistor. . . . . . . . . . . . . . . . . . 27
2.3.1 Concepts of SNOM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4.1 SchemaƟc drawing of a photo-concuƟve antenna. . . . . . . . . . . . . . . 41
2.4.2 SchemaƟc drawing of a free-electron laser. . . . . . . . . . . . . . . . . . . 43
2.4.3 Response of InSb detectors. . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4.4 Electro-opƟc sampling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.1.1 Dipole-Dipole model for s-SNOM. . . . . . . . . . . . . . . . . . . . . . . . 50
3.1.2 ScaƩering cross-secƟon in s-SNOM. . . . . . . . . . . . . . . . . . . . . . . 52
3.1.3 Modiﬁed dipole-dipole model in s-SNOM. . . . . . . . . . . . . . . . . . . . 53
3.2.1 IllustraƟon of higher-harmonic-demodulaƟon. . . . . . . . . . . . . . . . . 57
3.2.2 Homodyne interferometric detecƟon in s-SNOM. . . . . . . . . . . . . . . . 58
3.3.1 SchemaƟc illustraƟon of amplitude-modulated s-SNOM. . . . . . . . . . . . 64
3.4.1 Field enhancement simulaƟon. . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.2 Field enhancement with resonant probes. . . . . . . . . . . . . . . . . . . . 69
3.4.3 Resonance of diﬀerent probe types. . . . . . . . . . . . . . . . . . . . . . . 71
4.1.1 Near-ﬁeld setup at FELBE. . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.1.2 Retract curves with 2 THz radiaƟon and PPP Ɵps at FELBE. . . . . . . . . . . 77
175
List of Figures
4.1.3 Retract curves with 2 THz radiaƟon and RMN Ɵps at FELBE. . . . . . . . . . . 78
4.2.1 OpƟcal setup for sideband invesƟgaƟons. . . . . . . . . . . . . . . . . . . . 82
4.2.2 Sideband demodulaƟon setup. . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.3.1 Time-domain spectroscopy near-ﬁeld setup. . . . . . . . . . . . . . . . . . 86
4.3.2 THz pulse of a photoconducƟve antenna. . . . . . . . . . . . . . . . . . . . 88
4.3.3 THz near-ﬁeld pulse on a gold sample. . . . . . . . . . . . . . . . . . . . . . 89
4.3.4 THz near-ﬁeld material contrast. . . . . . . . . . . . . . . . . . . . . . . . . 90
5.1.1 Near-ﬁeld and sideband retract curves on germanium. . . . . . . . . . . . . 93
5.2.1 Near-ﬁeld and sideband ﬂuence dependence. . . . . . . . . . . . . . . . . . 95
5.3.1 Amplitude and signal-to-noise raƟo of higher sidebands. . . . . . . . . . . . 96
5.4.1 Near-ﬁeld and sideband signals as a funcƟon of the oscillaƟon amplitude. . . 98
5.4.2 Near-ﬁeld and sideband signal-to-noise raƟo as a funcƟon of the oscillaƟon
amplitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.6.1 Near-ﬁeld and sideband nano-opƟcal contrast. . . . . . . . . . . . . . . . . 104
6.1.1 SchemaƟc illustraƟon of a graphene-ﬁeld eﬀect transistor. . . . . . . . . . . 108
6.1.2 SEM and AFM images of graphene ﬁeld-eﬀect transistors. . . . . . . . . . . 109
6.3.1 Near-ﬁeld scan of the GT1 device. . . . . . . . . . . . . . . . . . . . . . . . 113
6.3.2 Near-ﬁeld scan of the JT1 device. . . . . . . . . . . . . . . . . . . . . . . . 114
6.3.3 Near-ﬁeld scan of the TF1 device. . . . . . . . . . . . . . . . . . . . . . . . 115
6.4.1 Averaging of mulƟple lines . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.4.2 Near-ﬁeld linescan of the GT1 device. . . . . . . . . . . . . . . . . . . . . . 118
6.4.3 Near-ﬁeld linescan of a reference device device. . . . . . . . . . . . . . . . 119
6.4.4 FiƩed data and extracted plasma wave velocity in the GT1 device. . . . . . . 119
6.4.5 IV curve and calculated plasma wave velocity in the GT1 device. . . . . . . . 120
6.4.6 FiƩed data and extracted plasma wave velocity in the HT3 device. . . . . . . 122
6.4.7 IV curve calculated plasma wave velocity and recƟﬁcaƟon in the HT3 device. 123
A.1.1 SchemaƟc drawing of an atomic force microscope. . . . . . . . . . . . . . . 133
A.1.2 Lennard-Jones potenƟal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
A.1.3 SchemaƟc drawing of a piezoresponse force microscopy setup. . . . . . . . 137
A.1.4 Frequency spectra in tapping mode AFM. . . . . . . . . . . . . . . . . . . . 139
A.1.5 Frequency spectra in non-contact mode AFM. . . . . . . . . . . . . . . . . . 141
A.1.6 Signal spectrum in Kelvin Probe Force Micrcoscopy. . . . . . . . . . . . . . . 143
176
List of Figures
A.2.1 Screenshot of the T-Bone AFM model. . . . . . . . . . . . . . . . . . . . . . 146
A.2.2 Beam deﬂecƟon setup of the T-Bone AFM . . . . . . . . . . . . . . . . . . . 148
A.2.3 Contact mode topography image of the UMG01 test graƟng. . . . . . . . . . 150
A.2.4 Out-of-plane PFM frequency sweep. . . . . . . . . . . . . . . . . . . . . . . 151
A.2.5 PFM scan of a PPLN sample. . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.2.6 Tapping mode frequency sweep. . . . . . . . . . . . . . . . . . . . . . . . . 155
A.2.7 Mechanical retract curve in tapping mode AFM. . . . . . . . . . . . . . . . . 156
A.2.8 Tapping mode topography image of the UMG01 test graƟng. . . . . . . . . . 157
A.2.9 Contact mode topography image of a HOPG sample. . . . . . . . . . . . . . 158
A.2.10 Non-contact mode topography image of the UMG01 test graƟng. . . . . . . 159
A.2.11 Non-contact mode topography image of a HOPG sample. . . . . . . . . . . . 160
A.2.12 KPFM scan of a SiGe thin ﬁlm sample. . . . . . . . . . . . . . . . . . . . . . 161
A.2.13 Retract curves on a gold sample with a CO2 laser. . . . . . . . . . . . . . . . 163
A.2.14 Near-ﬁeld scan of a contaminated gold sample. . . . . . . . . . . . . . . . . 164
A.2.15 Extracted near-ﬁeld line proﬁle. . . . . . . . . . . . . . . . . . . . . . . . . 166
A.2.16 Frequency sweep of low frequency ContE-G Ɵp. . . . . . . . . . . . . . . . . 167
A.2.17 Tapping mode topography scan with ContE-G Ɵp. . . . . . . . . . . . . . . . 168
A.2.18 SchemaƟc side view of the Rocky Mountain Nanotechnology 25PT300B Ɵp. . 169
A.2.19 Tapping mode frequency sweep of an RMN 25PT300B Ɵp. . . . . . . . . . . 170
A.2.20 Mechanical retract curve of an RMN Ɵp. . . . . . . . . . . . . . . . . . . . . 171
A.2.21 Si/SiO2 tapping mode topography scan with an RMN Ɵp. . . . . . . . . . . . 172
A.2.22 Near-ﬁeld scan with an RMN Ɵp and a CO2 probe laser. . . . . . . . . . . . . 174
177

Bibliography
1. Lewis, R. A. Physical phenomena in electronic materials in the terahertz region. Proc. IEEE
95, 1641–1645 (2007).
2. Abbe, E. Beiträge zur Theorie des Mikroskops und der mikroskopischen Wahrnehmung.
Archiv für mikroskopische Anatomie 9, 413–418 (1873).
3. Synge, E. XXXVIII. A suggested method for extending microscopic resoluƟon into the ultra-
microscopic region. The London, Edinburgh, and Dublin Philosophical Magazine and Jour-
nal of Science 6, 356–362 (1928).
4. Inouye, Y. & Kawata, S. Near-ﬁeld scanning opƟcal microscope with a metallic probe Ɵp.
Opt. LeƩ. 19, 159–161 (1994).
5. Ash, E. & Nicholls, G. Super-resoluƟon Aperture Scanning Microscope. Nature 237, 510–
512 (1972).
6. Lahrech, A., Bachelot, R., Gleyzes, P. & Boccara, A. C. Infrared-reﬂecƟon-mode near-ﬁeld
microscopy using an apertureless probe with a resoluƟon of /600. Opt. LeƩ. 21, 1315–
1317 (1996).
7. Kuschewski, F. et al. Narrow-band near-ﬁeld nanoscopy in the spectral range from 1.3 to
8.5 THz. Appl. Phys. LeƩ. 108, 113102 (2016).
8. Wikipedia. https://en.wikipedia.org/wiki/Band_gap#/media/File:Solid_
state_electronic_band_structure.svg. Last visited November 18th, 2018.
9. Voon, L. & Willatzen, M. The kp method: electronic properƟes of semiconductors. doi:10.
1007/978-3-540-92872-0 (Springer Science & Business Media, 2009).
10. VurgaŌman, I., Meyer, J. R. & Ram-Mohan, L. R. Band parameters for III–V compound semi-
conductors and their alloys. J. Appl. Phys. 89, 5815–5875 (2001).
11. El Kurdi, M., Fishman, G., Sauvage, S. & Boucaud, P. Band structure and opƟcal gain of
tensile-strained germanium based on a 30 band kp formalism. J. Appl. Phys. 107, 013710
(2010).
179
Bibliography
12. Sze, S. M. & Ng, K. K. Physics of semiconductor devices. doi:10.1002/0470068329 (John
Wiley & Sons, 2006).
13. Drude, P. Zur Elektronentheorie der Metalle. Annalen der Physik 306, 566–613 (1900).
14. Hein, P., Gallant, M. & van Driel, H. Inﬂuence of excitaƟon wavelength on the reﬂecƟvity
of photogenerated plasmas in germanium. Solid State Commun. 39, 601–604 (1981).
15. Huber, A. J., Keilmann, F., WiƩborn, J., Aizpurua, J. & Hillenbrand, R. Terahertz Near-Field
Nanoscopy of Mobile Carriers in Single Semiconductor Nanodevices. Nano LeƩ. 8, 3766–
3770 (2008).
16. PVEducaƟon. https://www.pveducation.org/pvcdrom/absorption-coefficient.
Last visited November 21th, 2018.
17. Auston, D. H. & Shank, C. V. Picosecond Ellipsometry of Transient Electron-Hole Plasmas in
Germanium. Phys. Rev. LeƩ. 32, 1120–1123 (1974).
18. Aspnes, D. E. & Studna, A. A. Dielectric funcƟons and opƟcal parameters of Si, Ge, GaP,
GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV. Phys. Rev. B 27, 985–1009 (1983).
19. Alcock, A. J., Corkum, P. B. & James, D. J. A fast scalable switching technique for high-power
CO2 laser radiaƟon. Appl. Phys. LeƩ. 27, 680–682 (1975).
20. Gaubas, E. & Vanhellemont, J. Dependence of carrier lifeƟme in germanium on resisiƟvity
and carrier injecƟon level. Appl. Phys. LeƩ. 89, 142106 (2006).
21. Dyakonov, M. & Shur, M. Shallow water analogy for a ballisƟc ﬁeld eﬀect transistor: New
mechanismof plasmawave generaƟonbydc current.Phys. Rev. LeƩ.71,2465–2468 (1993).
22. Dyakonov, M. & Shur, M. Two dimensional electronic ﬂute. Appl. Phys. LeƩ. 67, 1137–1139
(1995).
23. Dyakonov, M. & Shur, M. Choking of electron ﬂow: A mechanism of current saturaƟon in
ﬁeld-eﬀect transistors. Phys. Rev. B 51, 14341–14345 (1995).
24. Dyakonov, M. & Shur, M. DetecƟon, mixing, and frequencymulƟplicaƟon of terahertz radi-
aƟon by two-dimensional electronic ﬂuid. IEEE Trans. Electron Devices 43, 380–387 (1996).
25. Dyer, G. C. et al. Enhanced performance of resonant sub-terahertz detecƟon in a plasmonic
cavity. Appl. Phys. LeƩ. 100, 083506 (2012).
26. Kang, S., Burke, P. J., Pfeiﬀer, L. N. & West, K. W. Resonant frequency response of plasma
wave detectors. Appl. Phys. LeƩ. 89, 213512 (2006).
180
Bibliography
27. Boppel, S. et al. 0.25-mGaN TeraFETs OpƟmized as THz Power Detectors and Intensity-
Gradient Sensors. IEEE TransacƟons on Terahertz Science and Technology 6,348–350 (2016).
28. Knap, W. et al. Terahertz emission by plasma waves in 60 nm gate high electron mobility
transistors. Appl. Phys. LeƩ. 84, 2331–2333 (2004).
29. Knap, W., Deng, Y., Rumyantsev, S. & Shur, M. S. Resonant detecƟon of subterahertz and
terahertz radiaƟon by plasma waves in submicron ﬁeld-eﬀect transistors. Appl. Phys. LeƩ.
81, 4637–4639 (2002).
30. Lisauskas, A. et al. RaƟonal design of high-responsivity detectors of terahertz radiaƟon
based on distributed self-mixing in silicon ﬁeld-eﬀect transistors. J. Appl. Phys. 105, 114511
(2009).
31. Bauer, M. et al. Antenna-coupled ﬁeld-eﬀect transistors for mulƟ-spectral terahertz imag-
ing up to 4.25 THz. Opt. Express 22, 19235–19241 (2014).
32. Grzyb, J. & Pfeiﬀer, U. THz Direct Detector and Heterodyne Receiver Arrays in Silicon Nano-
scale Technologies. J. Infrared Millim. Terahertz Waves 36, 998–1032 (2015).
33. Novoselov, K. S. et al. Electric Field Eﬀect in Atomically Thin Carbon Films. Science 306,
666–669 (2004).
34. Zak, A. et al. Antenna-Integrated 0.6 THz FET Direct Detectors Based on CVD Graphene.
Nano LeƩ. 14, 5834–5838 (2014).
35. Meric, I. et al. Current saturaƟon in zero-bandgap, top-gated graphene ﬁeld-eﬀect transis-
tors. Nat. Nanotechnol. 3, 654 (2008).
36. Lemme, M. C., Echtermeyer, T. J., Baus, M. & Kurz, H. A Graphene Field-Eﬀect Device. IEEE
Electron Device LeƩers 28, 282–284 (2007).
37. Landau, L. & Lifshitz, E. Fluid Mechanics (Pergamon Press, 1959).
38. Weiyan, T. Shallow water hydrodynamics. MathemaƟcal theory and numerical soluƟon for
a two-dimensional system of shallow water equaƟons (Elsevier, 1991).
39. Drexler, C. et al. Helicity sensiƟve terahertz radiaƟon detecƟon by ﬁeld eﬀect transistors.
Journal of Applied Physics 111, 124504 (2012).
40. Shchepetov, A. et al. Oblique modes eﬀect on terahertz plasma wave resonant detecƟon
in InGaAs∕InAlAs mulƟchannel transistors. Applied Physics LeƩers 92, 242105 (2008).
41. Cai, X. et al. SensiƟve Room-Temperature Terahertz DetecƟon via Photothermoelectric Ef-
fect in Graphene. Nature Nanotechnology 9. doi:10.1038/nnano.2014.182 (May 2013).
181
Bibliography
42. Pendry, J. NegaƟve RefracƟon Makes a Perfect Lens. Phys. Rev. LeƩ 85, 3966–3969 (2000).
43. Pohl, D.W., Denk,W.& Lanz,M. OpƟcal stethoscopy: Image recordingwith resoluƟon λ/20.
Appl. Phys. LeƩ. 44, 651–653 (1984).
44. Chambers, R. The anomalous skin eﬀect. Proc. R. Soc. Lond. A 215, 481–497 (1952).
45. Zenhausern, F., O’Boyle, M. P. & Wickramasinghe, H. K. Apertureless near-ﬁeld opƟcal mi-
croscope. Appl. Phys. LeƩ. 65, 1623–1625 (1994).
46. Paiva, J. S., Jorge, P. A., Rosa, C. C. & Cunha, J. P. OpƟcal ﬁber Ɵps for biological applicaƟons:
From light conﬁnement, biosensing to bioparƟcles manipulaƟon. Biochim. Biophys. Acta
1862, 1209 –1246 (2018).
47. Kuschewski, F. et al. OpƟcal nanoscopy of transient states in condensed maƩer. Sci. Rep. 5
(2015).
48. Liewald, C. et al. All-electronic terahertz nanoscopy. OpƟca 5, 159–163 (2018).
49. Taubner, T., Keilmann, F. & Hillenbrand, R. Nanomechanical Resonance Tuning and Phase
Eﬀects in OpƟcal Near-Field InteracƟon. Nano LeƩ. 4, 1669–1672 (2004).
50. Hillenbrand, R. & Keilmann, F. Complex OpƟcal Constants on a Subwavelength Scale. Phys.
Rev. LeƩ. 85, 3029–3032 (2000).
51. Ocelic, N., Huber, A. & Hillenbrand, R. Pseudoheterodyne detecƟon for background-free
near-ﬁeld spectroscopy. Appl. Phys. LeƩ. 89, 101124 (2006).
52. Tranca, D. et al. High-resoluƟon quanƟtaƟve determinaƟon of dielectric funcƟon by using
scaƩering scanning near-ﬁeld opƟcal microscopy. Sci. Rep. 5, 11876 (2015).
53. Pollard, B., Maia, F. C. B., Raschke, M. B. & Freitas, R. O. Infrared VibraƟonal Nanospec-
troscopy by Self-Referenced Interferometry. Nano LeƩ. 16, 55–61 (2016).
54. Von Ribbeck, H.-G. et al. Spectroscopic THz near-ﬁeld microscope. Opt. Express 16, 3430–
3438 (2008).
55. Moon, K. et al. QuanƟtaƟve coherent scaƩering spectra in apertureless terahertz pulse
near-ﬁeld microscopes. Appl. Phys. LeƩ. 101, 011109 (2012).
56. Moon, K. et al. Subsurface Nanoimaging by Broadband Terahertz Pulse Near-Field Mi-
croscopy. Nano LeƩ. 15, 549–552 (2015).
57. Hamann, H. F., Gallagher, A. & NesbiƩ, D. J. Enhanced sensiƟvity near-ﬁeld scanning opƟcal
microscopy at high spaƟal resoluƟon. Appl. Phys. LeƩ. 73, 1469–1471 (1998).
182
Bibliography
58. L. Heilman, A & J. Gordon,M. Tip-enhanced near-ﬁeld opƟcal microscopewith side-on and
ATR-mode sample excitaƟon for super-resoluƟon Raman imaging of surfaces. J. Appl. Phys.
119, 223103 (2016).
59. Wang, H., Wang, L. & Xu, X. ScaƩering-type Scanning Near-Field OpƟcal Microscopy with
Low-RepeƟƟon-Rate Pulsed Light Source through Phase-Domain Sampling. Nat. Commun.
7, 13212 (2016).
60. Berweger, S., Atkin, J. M., Olmon, R. L. & Raschke, M. B. Light on the Tip of a Needle: Plas-
monic Nanofocusing for Spectroscopy on the Nanoscale. J. Phys. Chem. LeƩ. 3, 945–952
(2012).
61. Schnell, M., Carney, P. & Hillenbrand, R. SyntheƟc OpƟcal Holography for Rapid Nanoimag-
ing. Nat. Commun. 5, 3499 (2014).
62. Huth, F. et al. Nano-FTIR AbsorpƟon Spectroscopy of Molecular Fingerprints at 20 nm Spa-
Ɵal ResoluƟon. Nano LeƩ. 12, 3973–3978 (2012).
63. Döring, J., von Ribbeck, H.-G., Fehrenbacher, M., Kehr, S. C. & Eng, L. M. Near-ﬁeld reso-
nance shiŌs of ferroelectric barium Ɵtanate domains upon low-temperature phase transi-
Ɵon. Appl. Phys. LeƩ. 105, 053109 (2014).
64. Lang, D. et al. Infrared nanoscopy down to liquid helium temperatures. Rev. Sci. Instrum.
89, 033702 (2018).
65. McLeod, A. et al.Nanotextured phase coexistence in the correlated insulator V2O3.Nature
Physics 13 (2016).
66. Yang, H., Hebestreit, E., E Josberger, E. & Raschke, M. A cryogenic scaƩering-type scanning
near-ﬁeld opƟcal microscope. Rev. Sci. Instrum. 84, 023701 (2013).
67. Ni, G. et al. Fundamental limits to graphene plasmonics. Nature 557, 530 (2018).
68. Eisele, M. et al. Ultrafast mulƟ-terahertz nano-spectroscopy with sub-cycle temporal res-
oluƟon. Nat. Photonics 8, 841–845 (2014).
69. Wagner, M. et al. Ultrafast and Nanoscale Plasmonic Phenomena in Exfoliated Graphene
Revealed by Infrared Pump–Probe Nanoscopy. Nano LeƩ. 14, 894–900 (2014).
70. Huber, M. A. et al. Femtosecond photo-switching of interface polaritons in black phospho-
rus heterostructures. Nat. Nanotechnol. 12, 207 (2017).
71. Fei, Z. et al. Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature
487, 82–85 (2012).
183
Bibliography
72. Chen, J. et al. OpƟcal nano-imaging of gate-tunable graphene plasmons. Nature 487, 77–
81 (2012).
73. Li, P. et al. Hyperbolic phonon-polaritons in boron nitride for near-ﬁeld opƟcal imaging and
focusing. Nat. Commun. 6, 7507 (2015).
74. Kehr, S. C. et al. Anisotropy Contrast in Phonon-Enhanced Apertureless Near-Field Mi-
croscopy Using a Free-Electron Laser. Phys. Rev. LeƩ. 100, 256403 (2008).
75. Dai, S. et al. Tunable Phonon Polaritons in Atomically Thin van der Waals Crystals of Boron
Nitride. Science 343, 1125–1129 (2014).
76. Li, P. et al. OpƟcal Nanoimaging of Hyperbolic Surface Polaritons at the Edges of van der
Waals Materials. Nano LeƩ. 17, 228–235 (2017).
77. Hermann, P. et al.CharacterizaƟonof semiconductormaterials using synchrotron radiaƟon-
based near-ﬁeld infraredmicroscopy and nano-FTIR spectroscopy.Opt. Express 22, 17948–
17958 (2014).
78. Firkala, T. et al.Near-Field OpƟcal ExaminaƟon of Potassiumn-Butyl Xanthate/Chalcopyrite
FlotaƟon Products. Minerals 8, 118 (2018).
79. Pollard, B., Muller, E. A., Hinrichs, K. & Raschke,M. B. VibraƟonal nano-spectroscopic imag-
ing correlaƟng structure with intermolecular coupling and dynamics. Nat. Commun. 5,
3587 (2014).
80. Kusch, P. et al. Combined Tip-Enhanced Raman Spectroscopy and ScaƩering-Type Scan-
ning Near-Field OpƟcal Microscopy. The Journal of Physical Chemistry C 122, 16274–16280
(2018).
81. Huber, A., Ziegler, A., Köck, T & Hillenbrand, R. Infrared nanoscopy of strained semicon-
ductors. Nat. Nanotechnol. 4, 153–157 (2009).
82. Gigler, A. M. et al. Nanoscale residual stress-ﬁeld mapping around nanoindents in SiC by
IR s-SNOM and confocal Raman microscopy. Opt. Express 17, 22351–22357 (2009).
83. Muller, E. A. et al. Nanoimaging and Control of Molecular VibraƟons through Electromag-
neƟcally Induced ScaƩering Reaching the Strong Coupling Regime. ACS Photonics 5, 3594–
3600 (2018).
84. Hermann, P. et al. Near-ﬁeld imaging and nano-Fourier-transform infrared spectroscopy
using broadband synchrotron radiaƟon. Opt. Express 21, 2913–2919 (2013).
184
Bibliography
85. Bechtel, H. A., Muller, E. A., Olmon, R. L., MarƟn, M. C. & Raschke, M. B. Ultrabroadband
infrared nanospectroscopic imaging. Proceedings of the NaƟonal Academy of Sciences 111,
7191–7196 (2014).
86. Fehrenbacher, M. et al. Plasmonic Superlensing in Doped GaAs. Nano LeƩ. 15, 1057–1061
(2015).
87. Kehr, S. et al. Near-ﬁeld examinaƟon of perovskite-based superlenses and superlense-
enhanced probe-object coupling. Nat. Commun. 2, 249 (2011).
88. Mastel, S. et al. Terahertz Nanofocusing with CanƟlevered Terahertz-Resonant Antenna
Tips. Nano LeƩ. 17, 6526–6533 (2017).
89. Zhang, J. et al. Terahertz Nanoimaging of Graphene. ACS Photonics 5, 2645–2651 (2018).
90. Xu, W. GeneraƟon of terahertz acousƟc-phonon signals by heated electrons in AlxGa1 xAs
/ GaAs-based quantum wires. Appl. Phys. LeƩ. 68, 1353–1355 (1996).
91. Crooker, S. A., Baumberg, J. J., Flack, F., Samarth, N. & Awschalom, D. D. Terahertz Spin
Precession and Coherent Transfer of Angular Momenta in MagneƟc QuantumWells. Phys.
Rev. LeƩ. 77, 2814–2817 (1996).
92. Spencer, B. F. et al. Terahertz cyclotron resonance spectroscopy of an AlGaN/GaN het-
erostructure using a high-ﬁeld pulsed magnet and an asynchronous opƟcal sampling tech-
nique. Appl. Phys. LeƩ. 108, 212101 (2016).
93. Jaros, M. Ground states of shallow donors in silicon and germanium. J. Phys. C.: Solid State
Phys. 4, 1162–1167 (1971).
94. Kampfrath, T., Tanaka, K. & Nelson, K. A. Resonant and nonresonant control over maƩer
and light by intense terahertz transients. Nat. Photonics 7, 680 (2013).
95. Jeon, T.-I. & Grischkowsky, D. THz Zenneck surfacewave (THz surface plasmon) propagaƟon
on a metal sheet. Appl. Phys. LeƩ. 88, 061113 (2006).
96. Wang, Z. et al. MagneƟc ﬁeld dependence of anƟferromagneƟc resonance in NiO. Appl.
Phys. LeƩ. 112, 252404 (2018).
97. Hafez, H. A. et al. Extremely eﬃcient terahertz high-harmonic generaƟon in graphene by
hot Dirac fermions. Nature 561, 507 (2018).
98. Ferguson, B. & Zhang, X.-C. Materials for terahertz science and technology. Nature mate-
rials 1, 26 (2002).
99. Tonouchi, M. Cuƫng-edge terahertz technology. Nat. Photonics 1, 97 (2007).
185
Bibliography
100. Lee, Y.-S. Principles of terahertz science and technology (Springer Science & Business Me-
dia, 2009).
101. Mueller, E. R., Fontanella, J. & Henschke, R. Stabilized, integrated, far-infrared laser system
for NASA/Goddard Space Flight Center in Proc. 10th Int. Symp. Space Terahertz Technol
(2000).
102. Rösch, M. et al. Heterogeneous terahertz quantum cascade lasers exceeding 1.9 THz spec-
tral bandwidth and featuring dual comb operaƟon. Nanophotonics 7, 237–242 (2018).
103. Degl’InnocenƟ, R. et al. Terahertz Nanoscopy of Plasmonic Resonances with a Quantum
Cascade Laser. ACS Photonics 4, 2150–2157 (2017).
104. Muller, E. A., Pollard, B., Bechtel, H. A., van Blerkom, P. & Raschke, M. B. Infrared vibra-
Ɵonal nanocrystallography and nanoimaging. Science Advances 2. doi:10.1126/sciadv.
1601006 (2016).
105. LyƟd SAS. http://lytid.com/wp- content/uploads/2018/08/TeraSchottky-
final-lab-serie-pg.pdf. Last visited November 28th, 2018.
106. Ekström, C. GeneraƟon of Short Intense Terahertz Pulses Through OpƟcal RecƟﬁcaƟon (Di-
ploma Thesis, Lund University, 2011).
107. Laserquantum Ltd. https://www.laserquantum.com/download-ds.cfm?id=707. Last
visited November 29th, 2018.
108. Socol, Y. High-power free-electron lasers–technology and future applicaƟons. Opt. Laser
Technol. 46, 111 –126 (2013).
109. Brau, C. Free-electron lasers. Adv. Elec. El. Phys. 22 (1990).
110. Hopf, F. A., Meystre, P., Scully, M. O. & Louisell, W. H. Classical Theory of a Free-Electron
Laser. Phys. Rev. LeƩ. 37, 1215–1218 (18 1976).
111. Cohn, K., Colson, W., Price, M., Blau, J. & Ng, J. Free electron lasers in 2015. Proceedings
of FEL2015 (2015).
112. Klopf, J. M. Personal Correspondence. 2018.
113. Richards, P. L. Bolometers for infrared andmillimeter waves. J. Appl. Phys. 76, 1–24 (1994).
114. Thomas KeaƟng Ltd. http://www.terahertz.co.uk/images/qmci/woodcraft/pdf/
QFI3BI%202+GeGa%20Operating%20Manual.pdf. Last visited December 1st, 2018.
115. Vieweg, N. et al. Terahertz-Ɵme domain spectrometer with 90 dB peak dynamic range.
Journal of Infrared, Millimeter, and Terahertz Waves 35, 823–832 (2014).
186
Bibliography
116. Giordano, M. C. et al. Phase-resolved terahertz near-ﬁeld nanoscopy of a topological insu-
lator phonon-polariton mode in 43rd InternaƟonal Conference on Infrared, Millimeter, and
Terahertz Waves (IRMMW-THz) (2018).
117. Neaspec GmbH. https://www.neaspec.com/application/terahertz-near-field-
microscopy-below-30nm-spatial-resolution/. Last visited January 2nd, 2019.
118. Knoll, B. & Keilmann, F. Enhanced dielectric contrast in scaƩering-type scanning near-ﬁeld
opƟcal microscopy. Opt. Commun. 182, 321 –328 (2000).
119. Jackson, J. Klassische Elektrodynamik (Walter de Gruyter, 1983).
120. Rakic, A. D., Djurivsic, A. B., Elazar, J. M. & Majewski, M. L. OpƟcal properƟes of metallic
ﬁlms for verƟcal-cavity optoelectronic devices. Appl. Opt. 37, 5271–5283 (1998).
121. Cvitkovic, A., Ocelic, N. & Hillenbrand, R. AnalyƟcal model for quanƟtaƟve predicƟon of
material contrasts in scaƩering-type near-ﬁeld opƟcal microscopy. Opt. Express 15, 8550–
8565 (2007).
122. Schneider, S. C. ScaƩering Scanning Near-Field OpƟcal Microscopy on Anisotropic Dielectrics
(Doktorarbeit, Technische Universität Dresden, 2007).
123. Wurtz, G., Bachelot, R. & Royer, P. Imaging a GaAlAs laser diode in operaƟon using aper-
tureless scanning near-ﬁeld opƟcal microscopy. Eur. Phys. J. AP 5, 269–275 (Mar. 1999).
124. Zurich Instruments AG. https://www.zhinst.com/sites/default/files/li_
primer/zi_whitepaper_principles_of_lock- in_detection.pdf. Last visited
October 9th, 2018.
125. The LIGO ScienƟﬁc CollaboraƟon. OpƟcal properƟes of metallic ﬁlms for verƟcal-cavity op-
toelectronic devices.  Class. Quantum Grav. 32, 074001 (2015).
126. Cebula, M. Phasengeregelte homodyne Interferometrie für s-SNOM (Diplomarbeit, Tech-
nische Universität Dresden, 2016).
127. Kuschewski, F. Zeitaufgelöste Nahfeldmikroskopie (Diplomarbeit, Technische Universität
Dresden, 2014).
128. RefracƟveIndex.INFO. refractiveindex.info. Last visited March 11th, 2019.
129. Thomas, S., Wachter, G., Lemell, C., Burgdörfer, J. & Hommelhoﬀ, P. Large opƟcal ﬁeld
enhancement for nanoƟps with large opening angles. New J. Phys. 17, 063010 (2015).
187
Bibliography
130. Wang, Y, Cai, W, Yang, M, Liu, Z & Shang, G. A simple model of the scanning near-ﬁeld
opƟcal microscopy probe Ɵp for electric ﬁeld enhancement. OpƟca Applicata 47, 119–130
(Jan. 2017).
131. Haidary, A., Miyahara, Y. & GrüƩer, P. Antenna and Plasmonic ProperƟes of Scanning Probe
Tips at OpƟcal and Terahertz Regimes in Proceedings of the 2014 COMSOL Conference
(2014).
132. Rocky Mountain Nanotechnology LLC. http://rmnano.com/tech.html. Last visited
September 24th, 2018.
133. Ortmann, L. TheoreƟsche Betrachtungen zur Nahfeldmikroskopie mit anisotropen Super-
linsen (Masterarbeit, Technische Universität Dresden, 2015).
134. Comsol MulƟphysics GmbH. https://cdn.comsol.com/documentation/5.4.0.225/
IntroductionToCOMSOLMultiphysics.de_DE.pdf. Last visited November 11th, 2018.
135. Comsol MulƟphysics GmbH. http://people.ee.ethz.ch/~fieldcom/pps-comsol/
documents/User%20Guide/WaveOpticsModuleUsersGuide.pdf. Last visited Novem-
ber 26th, 2018.
136. Berweger, S. et al. Microwave Near-Field Imaging of Two-Dimensional Semiconductors.
Nano LeƩ. 15, 1122–1127 (2015).
137. Tselev, A. et al. Near-ﬁeld microwave scanning probe imaging of conducƟvity inhomo-
geneiƟes in CVD graphene. Nanotechnology 23, 385706 (2012).
138. Brincioƫ, E. et al. Probing resisƟvity and doping concentraƟon of semiconductors at the
nanoscale using scanning microwave microscopy. Nanoscale 7, 14715–14722 (35 2015).
139. Esslinger,M., Dorfmüller, J., Khunsin,W., Vogelgesang, R. & Kern, K. Background-free imag-
ing of plasmonic structures with cross-polarized apertureless scanning near-ﬁeld opƟcal
microscopy. Rev. Sci. Instr. 83, 033704 (2012).
140. Green, B. et al. High-Field High-RepeƟƟon-Rate Sources for the Coherent THz Control of
MaƩer. Sci. Rep. 6, 22256 (2016).
141. Jerri, A. J. The Shannon sampling theorem—Its various extensions and applicaƟons: A tu-
torial review. Proc. IEEE 65, 1565–1596 (1977).
142. Corkum, P. B. & Keith, D. Controlled switching of 10-micrometer radiaƟon using semicon-
ductor étalons. J. Opt. Soc. Am. B. 2, 1873–1879 (1985).
188
Bibliography
143. Jamison, S. & Nurmikko, A. GeneraƟon of picosecond pulses of variable duraƟon at 10.6
m. Appl. Phys. LeƩ. 33, 598–600 (1978).
144. Von Ribbeck, H.-G. THz Near-Field Microscopy and Spectroscopy (Doktorarbeit, Technische
Universität Dresden, 2014).
145. Hillenbrand, R., Stark, M. & Guckenberger, R. Higher-harmonics generaƟon in tapping-
mode atomic-force microscopy: Insights into the Ɵp–sample interacƟon. Appl. Phys. LeƩ.
76, 3478–3480 (2000).
146. Gucciardi, P. G. et al. ArƟfacts idenƟﬁcaƟon in apertureless near-ﬁeld opƟcal microscopy.
J. Appl. Phys. 101, 064303 (2007).
147. Gwyddion. http://gwyddion.net/. Last visited September 12th, 2018.
148. Rajab, K. Z. et al. Broadband dielectric characterizaƟon of aluminumoxide (Al2O3). J. Micro.
and Elect. Pack. 5, 2–7 (2008).
149. Taubner, T., Keilmann, F. & Hillenbrand, R. Nanoscale-resolved subsurface imaging by scat-
tering-type near-ﬁeld opƟcal microscopy. Opt. Express 13, 8893–8899 (2005).
150. Tomadin, A. Personal Correspondence. 2018.
151. Monteverde,M. et al. Transport and ElasƟc ScaƩering Times as Probes of the Nature of Im-
purity ScaƩering in Single-Layer and Bilayer Graphene. Phys. Rev. LeƩ. 104, 126801 (2010).
152. Hong, X., Zou, K. & Zhu, J. Quantum scaƩering Ɵme and its implicaƟons on scaƩering
sources in graphene. Phys. Rev. B 80, 241415 (2009).
153. George, P. A. et al. Ultrafast OpƟcal-Pump Terahertz-Probe Spectroscopy of the Carrier
RelaxaƟon and RecombinaƟon Dynamics in Epitaxial Graphene. Nano LeƩ. 8, 4248–4251
(2008).
154. Lu, N., Wang, L., Li, L. & Liu, M. A review for compact model of graphene ﬁeld-eﬀect tran-
sistors. Chin. Phys. B 26, 036804 (2017).
155. Kim, S. et al. RealizaƟon of a high mobility dual-gated graphene ﬁeld-eﬀect transistor with
Al2O3 dielectric. Appl. Phys. LeƩ. 94, 062107 (2009).
156. Xia, F., Farmer, D. B., Lin, Y.-m. & Avouris, P. Graphene Field-Eﬀect Transistors with High
On/Oﬀ Current RaƟo and Large Transport Band Gap at Room Temperature. Nano LeƩ. 10,
715–718 (2010).
157. Tomadin, A. & Polini, M. Theory of the plasma-wave photoresponse of a gated graphene
sheet. Phys. Rev. B 88, 205426 (2013).
189
Bibliography
158. Lu, Y. et al. High-On/Oﬀ-RaƟo Graphene NanoconstricƟon Field-Eﬀect Transistor. Small 6,
2748–2754 (2010).
159. Ryzhii, V. Terahertz Plasma Waves in Gated Graphene Heterostructures. Jpn. J. Appl. Phys.
45, L923–L925 (2006).
160. Ryzhii, V., Satou, A. & Otsuji, T. Plasma waves in two-dimensional electron-hole system in
gated graphene heterostructures. J. Appl. Phys. 101, 024509 (2007).
161. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419 (2013).
162. Wagner, T., Köhler, D., Milde, P. & Eng, L. M. Probing the local surface potenƟal and quan-
tum capacitance in single and mulƟ-layer graphene. Appl. Phys. LeƩ. 103, 023102 (2013).
163. Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics. Nature
Nanotechnol. 5, 722 (2010).
164. Binnig, G., Rohrer, H., Gerber, C. & Weibel, E. Surface Studies by Scanning Tunneling Mi-
croscopy. Phys. Rev. LeƩ. 49, 57–61 (1982).
165. Binnig, G., Quate, C. F. & Gerber, C. Atomic Force Microscope. Phys. Rev. LeƩ. 56, 930–933
(1986).
166. MarƟn, Y.,Williams, C. C. &Wickramasinghe, H. K. Atomic forcemicroscope–forcemapping
and proﬁling on a sub 100-Å scale. J. Appl. Phys. 61, 4723–4729 (1987).
167. Milde, P. et al. Unwinding of a Skyrmion Laƫce by MagneƟc Monopoles. Science 340,
1076–1080 (2013).
168. NanoWorld AG. https://www.nanosensors.com/. Last visited November 30th, 2018.
169. Bruker Corp. https://www.brukerafmprobes.com/c- 111- silicon- nitride-
probes.aspx. Last visited November 30th, 2018.
170. De Jong, M., Chen,W., Geerlings, H., Asta, M. & Persson, K. A database to enable discovery
and design of piezoelectric materials. Sci. Data 2, 150053 (2015).
171. Oxford Instruments PLC. Cypher AFM User Guide.
172. Liu, J., Notbohm, J. K., Carpick, R. W. & Turner, K. T. Method for Characterizing Nanoscale
Wear of Atomic Force Microscope Tips. ACS Nano 4, 3763–3772 (2010).
173. Chung, K.-H. Wear characterisƟcs of atomic force microscopy Ɵps: A review. Int. J. Pr. Eng.
Man. 15, 2219–2230 (2014).
190
Bibliography
174. Giessibl, F. J. Atomic ResoluƟon of the Silicon (111)-(7x7) Surface by Atomic Force Mi-
croscopy. Science 267, 68–71 (1995).
175. Garcia, R. & Herruzo, E. The emergence of mulƟfrequency force microscopy. Nat. Nan-
otechnol. 7, 217–226 (2012).
176. AƩocube Systems GmbH. http://www.attocube.com/attomotion/premium-line/.
Last visited September 12th, 2018.
177. RHK Technologies, Inc. http://www.rhk-tech.com/wp-content/uploads/2015/12/
RHK-R9-BROCHURE-display.pdf. Last visited January 23nd, 2019.
178. Anfatec Instruments GmbH. http://www.anfatec.de/cantilevers/umg01.html. Last
visited September 11th, 2018.
179. Boston Piezo OpƟcs Inc. https://www.bostonpiezooptics.com/lithium-niobate.
Last visited September 12th, 2018.
180. Schröder, M. et al. ConducƟng DomainWalls in LithiumNiobate Single Crystals. Adv. Funct.
Mater. 22, 3936–3944 (2012).
181. AIST-NT Inc. http://nanoprobes.aist-nt.com/apps/HOPG%20info.htm. Last visited
September 14th, 2018.
182. Sweetman, A. et al.Mapping the force ﬁeld of a hydrogen-bonded assembly.Nat. Commun.
5 (2014).
183. Gray, M., Hsu, J., Giovane, L & Bulsara, M. Eﬀect of anisotropic strain on the crosshatch
electrical acƟvity in relaxed GeSi ﬁlms. Phys. Rev. LeƩ 86, 3598 (2001).
184. Fitzgerald, E. A. et al. Relaxed Ge x Si1- x structures for III–V integraƟon with Si and high
mobility two-dimensional electron gases in Si. J. Vac. Sci. Technol. B: Microelectron. and
Nanometer Struct. Process. Meas. Phenom. 10, 1807–1819 (1992).
185. Zerweck, U., Loppacher, C., OƩo, T., Grafström, S. & Eng, L. Accuracy and resoluƟon limits
of Kelvin probe force microscopy. Phys. Rev. B 71, 125424 (2005).
186. Döring, J. et al. Low-temperature nanospectroscopy of the structural ferroelectric phases
in single-crystalline barium Ɵtanate. Nanoscale 10, 18074–18079 (2018).
187. Wang, H., Wang, L. & Xu, X. ScaƩering-type scanning near-ﬁeld opƟcal microscopy with
low-repeƟƟon-rate pulsed light source through phase-domain sampling. Nat. Commun. 7,
13212 (2016).
191

Acknowledgements
Without the support of many people, this work would never have been possible. At this point, I
would like to thank everyone, who supported me during my studies.
I met Prof. Dr. Lukas Eng for the ﬁrst Ɵme when i was trying to switch universiƟes during my stud-
ies. When the bureaucracy was not allowing me to conƟnue my studies at TU Dresden and i was
talking to brick wall, you solved the issue with a single call. Since then, you have been supervising
my work. In these years, I proﬁted of your advice in countless occasions. Always pushing me fur-
ther, I ended up performing experiments I was not convinced would ever work. My group leader
Dr. Susanne Kehr has been my second supervisor. The fruiƞul discussions in numerous 1-to-1
meeƟngs were always a good guidance for my work. I will never have the impressive precision
you have when it comes to details of a physical phenomena.
Furthermore, I would like to thank Prof. Dr. Roskos for the interesƟng and challenging collabora-
Ɵon and of course for the review of this thesis. I hope it is a good read.
Thanks goes to the s-SNOM group, starƟng with Hans-Georg von Ribbeck, who ﬁrst performed
THz near-ﬁeld microscopy passed a lot of knowledge needed for this work. I really enjoyed work-
ing with the other PhD students: Markus Fehrenbacher, Denny Lang, Lukas Wehmeyer, Tobias
Nörenberg and Hamed Pour. Special thanks goes to Thales de Oliveira: You were always a good
mate, in relaxed and hard Ɵmes. I will miss working with you!
Thanks goes to the smp2-group in general, i want to name the veterans Alexander Haussmann
and Peter Milde and thank for their knowledge and interpretaƟon of any event happening both
in the insƟtute and the university. During the design of the AFM i worked a lot together with
the technicians Ralf Raupach and Daniel Dietrich. Without them, the T-Bone would never have
reached the working stage.
Most of my work was performed at the HZDR. The list of people who directly or indirectly sup-
ported it is long. I want to thank the FELBE people, espacially Stephan Winnerl and Mike Klopf
for their scienƟﬁc input and organizaƟonal support during my work. The TELBE team with their
193
Bibliography
former leader Michael Gensch is a bunch of tough people. Thank you for your input, the possibil-
ity to work in your lab, and for the support during the TDS measurements. Special thanks go to
Sergey Kovalev and Nilesh Awari for the alignment of the lasers. The support by the ELBE team
running the accelerator-based experiments at HZDR is kindly acknowledged. It is amazing that
they can get such a large machine running.
I want to thank the Rosa Luxemburg FoundaƟon for both the ﬁnancial support and their guidance
during my Ɵme as a scholarship holder. I enjoyed the Ɵme ”oﬀ-topic” during my thesis a lot. It is
good to get distracted every once i a while.
I was accompanied by many friends during my Ɵme at the university. As almost no one of them
would even dare to take a look at a thesis about near-ﬁeld opƟcs, i will refrain from wriƟng a list
here. Thank you for all the goods Ɵmes we had together!
Last but not least i want to thank my family. You were always there, in good and bad Ɵmes. Three
decades of uncondiƟonal support brought me to this very point.
194
Erklärung entsprechend § 5.5 der
Promotionsordnung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe DriƩer und ohne
Benutzung anderer als der angegebenen HilfsmiƩel angeferƟgt habe; die aus fremdenQuellen di-
rekt oder indirekt übernommenen Gedanken sind als solche kenntlich gemacht. Die Arbeit wurde
bisher weder im Inland noch im Ausland in gleicher oder ähnlicher Form einer anderen Prüfungs-
behörde vorgelegt.
Die DissertaƟon wurde im InsƟtut für Angewandte Physik unter wissenschaŌlicher Betreuung
von Prof. Dr. phil. II habil. Lukas M. Eng angeferƟgt. Frühere PromoƟonsverfahren haben nicht
staƩgefunden.
Ich erkenne die PromoƟonsordnung des Fachbereiches MathemaƟk und NaturwissenschaŌen
der Technischen Universität Dresden an.
Datum: UnterschriŌ:
195
